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Fluorescent pyrene derivatives have found applications in various fields of science 
including organic electronics, sensors and conformational studies. However, the need for 
systematic research and product development of pyrene derivatives still remains. The aim 
of this thesis was to gain insight about structure-property relationship of pyrene 
derivatives by synthesizing a series of small molecules and polymers and to use them for 
different applications. Structurally versatile side arms, shape of polymer backbone and 
location of the pyrene units on the polymer chain have been explored as the contributing 
parameters toward physical properties of the target compounds such as electronic 
conjugation, thermal stability, self-assembly, crystal packing and surface topology. Some 
of the key findings showed significant enhancement of conjugation upon successive 
introduction of acetylene units in the side arms of small molecules and by incorporation 
of pyrene on the polymer backbone. Kinked backbone was found to be more conjugated 
as compared to the linear analogue. It was possible to form self-assembled nanostructures 
with regular shape and size via introducing amphiphilicity to the derivatives.  
The synthesized compounds with thioacetate and hydroxyl binding groups were 
successfully employed for the removal of silver and gold nanoparticles from water with 
quantitative extraction efficiencies. Higher radical quenching efficiency of the 
synthesized pyrene–pyrogallol derivatives as compared to natural antioxidants such as 
vitamin-C indicates their potential use as fluorescent antioxidants. 
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Fluorescent compounds are important due to their wide spread applications in all 
fields of science, ranging from biology to material science. Pyrene is one of the 
interesting fluorophores with high quantum efficiency, ease of functionalization and π- 
stacking ability. The focus of this thesis is aimed towards the design, synthesis and 
characterization of structurally versatile pyrene based fluorescent conjugated systems. 
Both polymers and small molecules have been explored. Small molecules are based on 
mono-, di- and tetra- substituted pyrene whereas, the polymers contain either pendant 
pyrene units or pyrene incorporated backbone. The effect of structure has been 
investigated on the optical, electrochemical, thermal and self-assembly behavior of the 
synthesized compounds. Studies were extended to demonstrate the utility of some of the 
synthesized compounds in specific applications such as nanowaste removal from water.  
  A brief introduction about pyrene and its derivatives has been given in Chapter 
one, which includes physical properties, reactivity, functionalization and applications. 
Besides, the concepts of nanoparticles (NPs), nanotoxicity, NP-chromophore interaction 
and fluorescent antioxidant compounds have been explained.    
 Chapter two elucidates the synthesis of a series of pyrene–thiophene derivatives 
with varying spacers and the investigations about their optoelectronic properties and 
surface topologies. Single crystal structures of the synthesized derivatives are reported. It 
is found that introduction of increasing number of acetylene units as spacer results in 
lower band gap, higher fluorescence quantum yield and more negative EHOMO at the cost 
of thermal stability and film forming property. 
 xi
 The interesting results obtained with acetylene spacer in Chapter two, motivated 
to develop linear and bent poly(pyreneethynylene)s in Chapter three. Significant 
influence of shape of polymer backbone was found on the physical properties of the 
polymers. Kinked backbone of cisoid- polymers appeared to contribute towards lower 
bandgap, less negative EHOMO and higher thermal stability as compared to the linear 
transoid- analogues. A plausible explanation for such behavior has been hypothesized 
with the formation of coil and rod structures by cisoid- and transoid- polymers, 
respectively. 
Recent findings about nanotoxicity triggered the design and synthesis of 
molecules and polymers capable of extracting toxic NPs from aqueous environment. 
Fluorescent compounds are advantageous because, the quenching of fluorescence 
intensity upon binding to the NPs can be used to monitor the extraction process. Chapter 
four of the thesis describes design and synthesis of pyrene based hydrophobic, 
fluorescent compounds with thioacetate binding groups followed by optimization of the 
extraction set-up using citrate capped hydrophilic Au and Ag NPs. Polymers and small 
molecules with rigid and flexible side arms were synthesized for the purpose which 
extract NPs by ligand exchange mechanism. Extraction efficiency of the polymers was 
found to be quantitative (∼ 99 %) as compared to the small molecules.  
In order to reduce the extraction time of NPs, pyrene based amphiphilic polymers 
have been synthesized in Chapter five. Hydroxyl groups on the side chain of the 
polymers induce amphiphilicity and ensure binding to NPs. Higher number of hydroxyl 
groups on polymer resulted in improved extraction efficiency. Overall extraction time 
reduced to half of that required for pyrene–thioacetate systems.  
 xii
Fluorescent antioxidants have generated interests owing to the added advantage of 
monitoring the radical quenching process and sensing the location of ROS production. 
Chapter six deals with the synthesis and characterization of pyrene based fluorescent 
antioxidants containing pyrogallol as receptor. IC50 values of the synthesized compounds 
were found to be exciting which is even lower than that of some of the naturally 
occurring antioxidants such as vitamin-C.  
A summary of the overall results obtained is given in Chapter seven with some 





ABBREVIATIONS AND SYMBOLS 
  
Å Angstrom(s) 
AgNP Silver Nanoparticle 
AFM Atomic Force Microscopy 
AuNP Gold Nanoparticle 
bs Broad Singlet 
bm Broad Multiplate 
13C NMR Carbon Nuclear Magnetic Resonance 
CDCl3 Deuterochloroform-d 




DMF N, N′- Dimethylformamide 
DMSO Dimethyl Sulfoxide 
DMSO-d6 Deuterated Dimethyl Sulfoxide 
DSC Differential Scanning Calorimetry 
EDX Energy-Dispersive X-ray 
EI-MS Electron Impact Mass Spectrum 
ESI-MS Electron Spray Ionization Mass Spectrum 
FAB-MS Fast Atom Bombardment Mass Spectrometry 
 xiv
FT-IR Infrared Fourier Transform 
g Gram(s) 
GPC Gel Permeation Chromatography 
h Hour(s) 
HCl Hydrochloric acid 
1H NMR Proton Nuclear Magnetic Resonance 
H-bond Hydrogen Bond 
HOMO Highest Occupied Molecular Orbital 
Hz Hertz 
ICP-OES Inductively Coupled Plasma Optical Emission Spectrometry 
i.e. That is (Latin id est) 
ITO Indium Tin Oxide 
J Coupling Constant 
LD50 Lethal Dose, 50% 
LUMO Lowest Unoccupied Molecular Orbital 
m Multiplate 








MWCNT Multi-walled Carbon Nanotube 
NBS N-Bromo Succinamide 
NP Nanoparticle 
NF Nanofiber 
NMR Nuclear Magnetic Resonance 
PDI Poly Dispersity Index 
POLY Polymer 
ppm Parts per Million 
PVA Poly(vinyl alcohol) 
q Quartet 
QD Quantum Dot 
rms Root Mean Square 
ROS Reactive Oxidant Species 
rt Room Temperature 
s Singlet 
SEM Scanning Electron Microscope 
t Triplet 
Td Decomposition Temperature 
Tg Glass Transition Temperature 
TEM Transmission Electron Microscope 
TGA Thermo Gravimetric Analysis 
THF Tetrahydrofuran 
TLC Thin Layer Chromatography 
 xvi
TM Target Molecule 
TMS Tetra Methyl Silane (NMR standard) 
TMSA Tri Methyl Silyl Acetylene 
UV-Vis Ultra-Violet Visible Spectroscopy 
XRD X-Ray Diffraction 
δ Chemical Shift (in NMR Spectroscopy) 




 LIST OF TABLES  
   
   
Table No. Title of the Table Page 
No. 
   
 Chapter 1  
   
Table 1.1 List of reported fluorescent probes for ROS detection 35 
   
 Chapter 2  
   
Table 2.1 Crystallographic data for TM1, TM2 and TM3 76 
   
Table 2.2 Optical properties of TM1 – TM3 84 
   
Table 2.3 Electrochemical properties of TM1 – TM3 87 
   
 Chapter 3  
   
Table 3.1 Molecular weight and TGA data of target compounds 
(POLY1 – POLY6 and TM4 – TM5)  
106 
   
Table 3.2 Optical properties of target compounds (POLY1 – POLY6 
and TM4 – TM5) 
115 
   
Table 3.3 Electrochemical properties of target compounds (POLY1 – 
POLY6 and TM4 – TM5) 
116 
   
 Chapter 4  
   
Table 4.1 GPC and TGA data of the target compounds (TM6 – TM7 
and POLY7 – POLY9) 
138 
   
Table 4.2 Optical properties of the target compounds (TM6 – TM7 
and POLY7 – POLY9). 
143 
   
Table 4.3 Electrochemical properties of target compounds (TM6 – 
TM7 and POLY7 – POLY9) 
145 
   
Table 4.4 Extraction efficiency of the target compounds (TM6 – TM7 
and POLY7 – POLY9) for Au and Ag NPs 
158 
   
Table 4.5 Zeta potentials of NPs before and after extraction 151 
   
 xviii
 Chapter 5  
   
Table 5.1 GPC and TGA data of the polymers (POLY10 – POLY15) 176 
   
Table 5.2 Determination of ratio of two repeating units present in the 
polymers (POLY10 – POLY15) 
177 
   
Table 5.3 Optical properties of the polymers (POLY10 – POLY15) 183 
   
Table 5.4 Electrochemical properties of the polymers (POLY10 – 
POLY15) 
185 
   
Table 5.5 Extraction efficiency of the polymers (POLY13 – POLY15) 
for Au and Ag NPs 
188 
   
Table 5.6 Zeta potentials of NPs before and after extraction 191 
   
 Chapter 6  
   
Table 6.1 Optical properties of the target compounds (TM8 – TM11) 213 
   
Table 6.2 Effect of acid and base on optical properties of TM9 and 
TM11 
215 
   
Table 6.3 Electrochemical properties of target compounds (TM8 – 
TM11) 
217 




 LIST OF FIGURES  
   
Figure No. Title of the Figure Page 
No. 
   
 Chapter 1  
   
Figure 1.1 Molecular structure of pyrene along with numbering scheme 2 
   
Figure 1.2 Functionalization at various reactive sites of pyrene ring 6 
   
Figure 1.3 Possible resonance structures of the  σ- complexes formed at C1, 
C2 and C4 positions of pyrene 
8 
   
Figure 1.4 Mono-, di- and tetra- functionalization of pyrene at 1,3,6,8- 
positions using electrophilic substitution 
9 
   
Figure 1.5 Schematic representation of different types of pyrene polymers 14 
   
Figure 1.6 Various fields of applications of pyrene derivatives 18 
   
Figure 1.7 Various methods of phase transfer of NPs between water and 
organic medium 
29 
   
Figure 1.8 Mechanism of enhancement and quenching of pyrene fluorescence 
in contact with NPs 
33 
   
 Chapter 2  
   
Figure 2.1 Molecular structure of the target compounds (TM1 – TM3) 65 
   
Figure 2.2 Crystal structure of TM1. (a) Molecular structure viewed 
approximately along b axis, carbon - grey, hydrogen – white and 
sulfur – yellow. (b) The packing structure and relative orientations 
of the molecules viewed approximately along b axis 
77 
   
Figure 2.3 Crystal structure of TM2. (a) Molecular structure viewed along c 
axis, carbon - grey, hydrogen – white and sulfur – yellow. (b) 
Packing along c axis viewed from ab plane 
79 
   
Figure 2.4 Crystal structure of TM3. (a) Molecular structure viewed along c 
axis,  carbon - grey, hydrogen – white and sulfur – yellow. (b) 
Molecular packing along c axis viewed from ac plane 
80 
   
Figure 2.5 TGA thermograms of  TM1 (○), TM2 (◊), TM3 (☆) 81 
 xx
   
Figure 2.6 Absorption (a, c) and emission (b, d) spectra of pyrene (-), TM1 
(○), TM2 (◊), TM3 (☆) in chloroform (10-5 M, 28 °C) (a, b) and 
dropcasted film (c, d) 
83 
   
Figure 2.7 Cyclic voltammograms of  TM1 (○), TM2 (◊), TM3 (☆) 86 
   
Figure 2.8 AFM images of spincoated films of TM1. (a) DCB, 30 °C (b) 
DCB, 70 °C (c) chloroform, 30 °C (d) chloroform, 70 °C 
88 
   
 Chapter 3  
   
Figure 3.1 Structure of the target compounds (POLY1 – POLY6 and TM4 – 
TM5) 
96 
   
Figure 3.2 Thermograms of polymers (a) and model compounds (b). POLY1 
(▲) POLY2 (∆) POLY3 (■) POLY4 (□) POLY5 (●) POLY6 (○) 
TM4 (★) TM5 (☆). DSC traces of (c) TM4 and (d) TM5. 
Polarized optical microscope images of compound TM4 recorded 
during cooling (e) 85 °C (f) 63 °C (g) 31 °C 
108 
   
Figure 3.3 Absorption (a, c) and emission (b, d) spectra of the polymers in 
DCM (0.1 mg/mL, 28 °C) (a, b) and thin film (c, d). POLY1 (▲) 
POLY2 (∆) POLY3 (■) POLY4 (□) POLY5 (●) POLY6 (○) 
109 
   
Figure 3.4 Absorption (a, c) and emission (b, d) spectra of model compound 
TM4 (▼) and TM5 (▽) in DCM (10-5 M, 28 °C) (a, b) and thin 
film (c, d) 
110 
   
Figure 3.5 Cyclic voltammograms of (a) POLY1 (▲) and POLY2 (∆), (b) 
POLY3 (■) and POLY4 (□), (c) POLY5 (●) and POLY6 (○), (d) 
TM4 (★) and TM5 (☆) 
112 
   
Figure 3.6 SEM image of POLY1 (a) POLY3 (c), POLY5 (d) and AFM 
image of POLY1 (b) showed coiled fiber self-assembly of the 
cisoid- polymers 
113 
   
 Chapter 4  
   
Figure 4.1 Structure of the target compounds (TM6 – TM7 and POLY7 – 
POLY9) 
124 
   




   
Figure 4.3 Absorption (a, c) and emission (b, d) spectra of TM6 (○) and TM7 
(●) in chloroform (10-5 M, 28 °C) (a, b) and thin film (c, d) 
141 
   
Figure 4.4 Absorption (a, c) and emission (b, d) spectra of the polymers in 
chloroform (0.2 mg/mL, 28 °C) (a, b) and thin film (c, d). Pyrene 
(-), POLY7 (☆), POLY8 (○), POLY9 (★) 
142 
   
Figure 4.5 Cyclic voltammograms of TM6 (○), TM7 (●), POLY7 (★), 
POLY8 (-) and POLY9 (☆) 
144 
   
Figure 4.6 Absorption spectra of aqueous layer of (a) Ag and (b) Au NPs 
before extraction (1) and after extraction with TM6 (2), TM7 (3), 
POLY9 (4), POLY7 (5) and POLY8 (6) 
147 
   
Figure 4.7 (a) Pictorial representation of the vials after extraction. Vials 1 and 
2 contain AgNP, vials 3 and 4 contain AuNP. Extraction of the NP 
solution in presence of POLY7 resulted in complete transfer of 
AgNP (vial 2) and AuNP (vial 4) from water (top) to DCM 
(bottom) layer. Shaking of the NP solutions with DCM alone did 
not result any phase transfer of NPs (vial 1 and 3). (b) 
Fluorescence spectra of the DCM layer of vial 2 (○) and vial 4 (●) 
showed quenching of fluorescence intensity as compared to the 
DCM solution of POLY7 before extraction (★). TEM images of 
the dropcasted film of DCM layer of vial 2 (c) and vial 4 (d) 
confirm transfer of AgNP and AuNP from water to DCM layer. 
Insets show the TEM images of the corresponding NPs before 
extraction 
149 
   
Figure 4.8 Zeta potential distribution of citrate capped AuNP (a) citrate 
capped AgNP (b) POLY7 capped AuNP (c) POLY7 capped 
AgNP (d) and only POLY7 (e) 
150 
   
Figure 4.9 IR spectra of (a) Ag and (b) Au NPs before and after extraction 151 
   
Figure 4.10 Absorption spectra of water layer before and after removal of (a) 
Ag and (b) Au NPs. (★) NP solution before extraction, (☆) NP 
solution after extraction with POLY7 coated PVA NF, (○) NP 
solution after extraction with POLY8 coated PVA NF. SEM 
images of POLY7 coated PVA NF after extraction show 
attachment of (c) AgNP and (d) AuNP onto the fiber. Insets show 
SEM images of the corresponding PVA NF before extraction 
153 
   
   
   
 xxii
 Chapter 5  
   
Figure 5.1 Molecular structures of the target polymers (POLY13 – POLY15) 161 
   
Figure 5.2 Thermograms of POLY10 (●), POLY11 (★), POLY12 (▲), 
POLY13 (○), POLY14 (☆) and POLY15 (∆) 
179 
   
Figure 5.3 Absorption (a, c) and emission (b, d) spectra of pyrene (-), 
POLY10 (○), POLY11 (☆) and POLY12 (∆) in chloroform (0.2 
mg/mL, 28 °C) (a, b) and thin film (c, d) 
180 
   
Figure 5.4 Absorption (a, c) and emission (b, d) spectra of POLY13 (○), 
POLY14 (☆) and POLY15 (∆) in chloroform (0.2 mg/mL, 28 °C) 
(a, b) and thin film (c, d) 
182 
   
Figure 5.5 Cyclic voltammograms of POLY10 (○), POLY11 (∆), POLY12 
(☆), POLY13 (★), POLY14 (-) and POLY15 (◊) 
184 
   
Figure 5.6 SEM (a, c, e) and TEM (b, d, f) micrographs of self-assembled 
structure of POLY13 (a, b), POLY14 (c, d) and POLY15 (e, f) 
obtained from a mixture of THF/water (5:1, v/v) 
186 
   
Figure 5.7 Absorption spectra of aqueous layer of (a) Ag and (b) Au NPs 
before extraction (★) and after extraction with POLY13 (∆), 
POLY14 (○) and POLY15 (☆) 
188 
   
Figure 5.8 (a) Pictorial representation of the vials after extraction. Vials 1 and 
2 contain AgNP, vials 3 and 4 contain AuNP. Extraction of the NP 
solution in presence of POLY13 resulted in complete transfer of 
AgNP (vial 2) and AuNP (vial 4) from water (top) to DCM 
(bottom) layer. Shaking of the NP solutions with DCM alone did 
not result any phase transfer of NPs (vial 1 and 3). (b) 
Fluorescence spectra of the DCM layer of vial 2 (○) and vial 4 (●) 
showed quenching of fluorescence intensity as compared to the 
DCM solution of POLY13 before extraction (★). TEM images of 
the dropcasted film of DCM layer of vial 2 (c) and vial 4 (d) 
confirm transfer of AgNP and AuNP from water to DCM layer. 
Insets show the TEM images of corresponding NPs before 
extraction 
189 
   
Figure 5.9 Zeta potential distribution of citrate capped AuNP (a) citrate 
capped AgNP (b) POLY13 capped AuNP (c) POLY13capped 
AgNP (d) and only POLY13 (e). 
191 
   
Figure 5.10 IR spectra of (a) Ag and (b) Au NPs before and after extraction 192 
 xxiii
   
Figure 5.11 Absorption spectra of water layer before and after removal of  Ag 
(a) and  Au NPs (b); NP solution before extraction (★), NP 
solution after extraction with POLY13 (∆), POLY14 (○) and 
POLY15 (☆) coated PVA NF. SEM images of POLY15 coated 
PVA NF after extraction show attachment of (c) AgNP and (d) 
AuNP onto the fiber. Insets show SEM images of the 
corresponding PVA NF before extraction 
193 
   
 Chapter 6  
   
Figure 6.1 Molecular structures of the target compounds (TM9 and TM11) 201 
   
Figure 6.2 Absorption (a, c) and emission (b, d) spectra of the synthesized 
compounds in chloroform (10-5 M, 28 °C) (a, b) and thin film (c, 
d) 
212 
   
Figure 6.3 Effect of acid and base on the optical property of (a) pyrogallol, 
(b) TM9 and (c) TM11 
214 
   
Figure 6.4 Cyclic voltammograms of TM8 (a), TM9 (b), TM10 (c) and 
TM11 (d) 
216 
   
Figure 6.5 SEM (a, c) and TEM (b, d) micrographs of self-assembled 
structures of TM9 (a, b) and TM11 (c, d) obtained from a mixture 
of THF/water (5:1, v/v) 
219 
   
Figure 6.6 (a) Plot of I (%) vs. concentration of the antioxidants; vitamin-C 
(1), Pyrogallol (2), TM9 (3) and TM11 (4). Here, I (%) = [(Ablank 
– Asample) / Ablank] × 100. (b) IC50 values of the target molecules 
and the standards calculated from Figure 6.5a. Results presented 
are the average of three independent experiments 
220 
   
 xxiv
 
 LIST OF SCHEMES  
   
Scheme 
No. 
Title of the Scheme Page 
No. 
   
 Chapter 2  
   
Scheme 2.1 Synthesis of TM1 - TM3 66 
   
 Chapter 3  
   
Scheme 3.1 Synthesis of the target compounds (POLY1 – POLY6 and TM4 – 
TM5) 
99 
   
 Chapter 4  
   
Scheme 4.1 Synthesis of TM6 and TM7 125 
   
Scheme 4.2 Synthesis of the polymers (POLY7 – POLY9) 130 
   
 Chapter 5  
   
Scheme 5.1 Synthesis of the intermediates (1 – 10) 163 
   
Scheme 5.2 Synthesis of the polymers (POLY10 – POLY15) 170 
   
 Chapter 6  
   
Scheme 6.1 Synthesis of TM9 and TM11 202 



















1.1. Pyrene: The Smallest Peri- Fused Polycyclic Aromatic 
Hydrocarbon 
 
The immense scope of applications of polycyclic aromatic hydrocarbons (PAHs) 
in all fields of life has made them attractive to the scientists worldwide.  Structurally they 
are large multiring planar molecules generated by fusing more than one aromatic ring 
together. Broadly, they can be classified as (1) alternant: consisting of only six membered 
rings and (2) nonalternant: containing at least one five membered ring.1a Depending on 
the type of fusion, PAHs are of two types; (1) ortho- fused: where the rings are joined 
only by one shared face for each ring connection and (2) peri- fused: where the rings are 
connected to each other by more than one face.1a The name peri- fused implies that the 
structures carry at least one carbon atom which is not on the periphery of the molecule. 
To exemplify the classification, naphthalene is the smallest ortho- fused PAH, whereas, 
pyrene (Figure 1.1) is the smallest peri- fused PAHs.  
 
Figure 1.1. Molecular structure of pyrene along with numbering scheme. 
 
Properties of PAHs are mainly guided by the number of fused rings and type of fusion 
and in general, peri- fused molecules are thermodynamically more stable as compared to 
the ortho- fused analogues. Study of smaller PAHs as pyrene and naphthalene are 
 3
advantageous because they give indication about the behavior of large PAHs, which are 
otherwise difficult to deal with because of poor solubility and stability. This thesis deals 
with syntheses, characterization and applications of new pyrene based materials.  
 
1.2. Physical Properties of Pyrene  
 
Pyrene (C16H10), alternatively known as benzo(D, E, F)phenanthrene, is primarily 
formed by incomplete combustion of carbon containing materials such as wood and coal 
or diesel.1b It is an odorless yellow solid with melting point and boiling point of 151 and 
404 °C. It is a hydrophobic solid with fairly good solubility in organic solvents such as 
chloroform, DCM, alcohol, benzene, carbon disulfide, ether, petroleum ether and toluene. 
It shows significant stability towards photochemical and electrochemical degradation and 
does not undergo any auto-polymerization. The X-ray crystal structure of pyrene was first 
reported by Robertson and White in 19472 and has been re-established by several 
groups.3 Crystals of pyrene are monoclinic with four molecules in a unit cell of 
dimensions a = 13.64, b = 9.25, c = 8.47 Å and β = 100.28 °, space group P21/a. The 
perpendicular distance between mean molecular planes is 3.52 Å. 
 
1.2.1. Optical Properties 
 
Pyrene is a fluorescent molecule with desirable photophysical properties.4 It has 
high fluorescence quantum yield (0.60 in cyclohexane) along with long excited state life 
time (~ 450 ns in non polar medium).4a Unsubstituted pyrene is a blue light emitting 
material with absorption and emission at ∼ 338 and 395 nm, respectively. Absorption 
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emission wavelength of pyrene derivatives can be shifted to green or red region of the 
UV-Vis spectra by attaching suitable substituents to the pyrene core. The vibronic band 
structure of its emission is sensitive to the environment.5 Pyrene fluorescence easily gets 
quenched in presence of a variety of quenchers such as heavy metals, anionic species and 
NPs which may be ascribed to the through-bond and through-space energy transfer 
between pyrene and the quenchers. Pyrene can act as either electron donor or acceptor 
during the energy transfer depending on the substituents attached to it. Pyrene and its 
derivatives transfer energy mostly by Förster Resonance Energy Transfer or Fluorescence 
Resonance Energy Transfer (FRET) mechanism6 where, an electronically excited donor 
transfers energy to an acceptor through nonradiative dipole-dipole coupling. The distance 




Another interesting characteristic optical feature of pyrene is solvatochromism. In 
general, the change of position, intensity, and shape of absorption or emission bands of a 
compound in the UV-Vis/near IR range influenced by the surrounding medium is known 
as solvatochromism.7 In the case of pyrene, solvatochromism has been studied in two 
ways; (a) the shift of pyrene excimeric emission is monitored in solvents of different 
polarity.8 Here, the observed shifts may be explained in terms of solute-solvent dispersion 
interactions, a solute transition dipole moment term and the solvent Stark effect (for polar 
solvents). These results strongly suggest that pyrene excimer is non-polar and its 
polarizability differs between the first singlet excited state and the dissociative ground 
state. (b) The ratio of emission intensities of two selected vibronic fluorescence bands is 
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monitored in solvents of different polarity.9 The emission spectrum of pyrene monomer 
consists of five major vibronic bands labelled as I-V in progressive order,9a i.e. the 0-0 
band being labelled as I and so on. The intensities of various bands show a strong 
dependence on the solvent environment. A significant enhancement is observed in the 0-0 
vibronic band intensity in the presence of polar solvents. The ratio of the emission 
intensities for bands I and III serve as a quantitative measure of solvent polarity and 
structure. The second method has been successfully used to set up a solvent polarity 
scale, called the Pyrene or Py scale.9a 
 
1.2.3. Electrochemical Properties     
  
Pyrene itself is electrically neutral and its electronic characteristics solely depend 
on those of the substituents. Pyrene undergoes electrochemical oxidation at an applied 
potential of ∼ 1.0 V in a three electrode cell configured with glassy carbon working 
electrode, platinum counter electrode and Ag/AgClO4 reference electrode and 0.1 M 
solution of tetrabutylammonium tetrafluoroborate (TBABF4) in acetonitrile as the 
electrolyte.10 Pyrene forms cation radical via electrochemical oxidation. Oxidation 
potential of pyrene increases or decreases when electronically conjugated to electron 
withdrawing or electron donating groups, respectively. This may be attributed to the 







1.3. Reactive Sites of Pyrene 
 
Peri- fused ring structure of pyrene contains three types of reactive sites; (a) 
1,3,6,8- positions, (b) 2,7- positions and (c) 4,5,9,10- positions. Different sites show 
different reactivity because of different electron population of HOMO.11a  
 
 
Figure 1.2. Functionalization at various reactive sites of pyrene ring. 
 
Electron population of HOMO of pyrene molecule follows the order as 1,3,6,8 > 4,5,9,10 
> 2,7- positions. This is reflected in easy electrophilic substitution of pyrene at 1,3,6,8- 
positions.11b Functionalization of 2,7- positions are entirely different. Figure 1.2 describes 
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the synthetic route to achieve 2,7- disubstituted pyrene. This method was introduced by 
Harvey and co-workers.12 Regiospecific, catalytic hydrogenation of pyrene at 4,5,9,10- 
positions, followed by electrophilic substitution make 2,7- bifunctionalization feasible. 
Re-oxidation of this intermediate gives the target molecule. Functionalization at 4,5,9,10- 
positions can be achieved using 2,7- difunctionalized pyrene. Presence of bulky 
substituents at 2,7- positions hinders 1,3,6,8- positions and forces the incoming 
electrophiles to enter at 4,5,9,10- positions.13 
 
1.4. Functionalization of pyrene 
1.4.1. Electrophilic substitution  
 
Electrophilic substitution reaction is the most common way to functionalize 
pyrene skeleton. Rate of electrophilic substitution depends on the stability of the sigma 
(σ-) complex (i.e. the intermediate formed by covalent attachment of the electrophile to 
the aromatic ring). Electrophilic substitution occurs at 1,3,6,8- positions of pyrene due to 
the maximum electron population of HOMO at these sites and higher resonance 
stabilization of the resultant σ- complex.11a Resonance structures of the σ- complexes 
formed during electrophilic attack at C1, C2 and C4 positions are shown in Figure 1.3. 
More number of resonating structures of C1 σ- complex imparts higher stability to it and 
facilitates the reaction.  
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Figure 1.3. Possible resonance structures of the  σ- complexes formed at C1, C2 and C4 
positions of pyrene. More number of resonating structures for C1 σ- complex imparts 
higher resonance stability and facilitates the reaction with the incoming electrophile.  
 
For better understanding of pyrene reactivity towards different electrophiles, some 
examples of electrophilic substitution of pyrene are illustrated below. Figure 1.4 gives a 
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general idea about various techniques available for mono- or poly functionalization of 



























Functionalization of pyrene is known with all four halogens i.e. -F, -Cl, -Br and -
I. Bromination is most common among them, which can be done using different 
brominating agents including liquid Br214, HBr/H2O215 and CuBr2.16 It is possible to 
restrict the reaction at mono-, di- or tetrabromination stage by controlling the amount of 
brominating mixture and reaction temperature. Exhaustive bromination with excess 
amount of bromine at a temperature as high as 120 °C gives exclusively 
tetrabromopyrene. But, such selectivity could not be observed in case of mono- and 
dibromination; a mixture of mono-, di- and tetrasubstituted compounds are formed which 
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needs to be purified by repetitive crystallization. Introduction of successive bromine units 
into the pyrene skeleton decreases its solubility and 1,3,6,8-tetrabromopyrene is 
practically insoluble in all common organic solvents.  
Unlikely to bromination, tetraiodination of pyrene is not known so far which may 
be due to the steric bulk of iodine atom. Diiodination of pyrene is possible using solid I2 
with KI/KIO3 mixture.17 But, even at low temperature, this reagent combination leads to 
diiodination instead of restricting it to the mono- stage. So, monoiodination is commonly 
done by replacing -Br atom of 1-bromopyrene with iodine. A mixture of KI and CuI is 
good for such replacement reaction.18  
Chlorination of pyrene is not as commonly done as bromination or iodination 
because of the difficulty of further reaction with chloropyrene. Inspite of that, many 
synthetic routes are known for monochlorination of pyrene. It includes CCl4,19  
SnCl4/Pb(OAc)420 and photochlorination in presence of excess FeCl3.21 Tetrachlorination 
of pyrene demands harsh reaction conditions such as direct use of Cl2.22  
Fluorination of pyrene is only known at 1- position. But, it is not synthesized 
directly from pyrene. To avoid the use of chemically hazardous HF, flurination is done 
from aminopyrene by Balz-Schiemann reaction.23 In this method, a mixture of t-BuONO 





Nitration is another well known electrophilic substitution of pyrene. Other than 
common nitrating mixture (HNO3/H2SO4),24 nitrate salts such as Cu(NO3)225 is also used 
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as source of nitronium ions. Nitration of pyrene is restricted to only mono- and dinitro 
compounds.26 Tetranitropyrene is not achievable due to the deactivating effect of nitro 




Acylation of pyrene is useful because, thus introduced carbonyl group may be 
converted to many other functional groups such as alcohol, acid and ester which can 
further undergo a number of coupling and condensation reactions. Vilsmeier-Haack 
reaction using phosphorous oxychloride and N, N-disubstituted formamide is well known 
to generate pyrene-1-carbaldehyde.27 Alternatively, it can be synthesized by Rieche 
reaction28,29 using dichloromethylalkyl ethers and Friedel Crafts catalysts such as, AlCl3 




Direct alkylation of pyrene using alkyl halide is not found in literature. 
Monoalkylation of pyrene is commonly done via functional group interconversion i.e. by 
reduction of aldehyde,30 ketone31 or acid32 groups present on pyrene ring. Hydrazine or 
LiAlH4 are effective for the reduction.   
 
 
1.4.2. Nucleophilic Substitution 
 
Unlikely to the electrophilic substitution discussed above, nucleophilic 
substitution of pyrene is not common in literature. Electron rich hydrocarbon skeleton of 
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pyrene has made it unreactive to the common nucleophiles such as organolithium 
reagents, hydroxides, alcohols, alkoxides, thiols, ammonia, azides or amines. The 
common method to achieve nucleophilic substitution is electrophilic substitution 
followed by functional group interchange; e.g. aminopyrene is produced by reducing 
nitropyrene; pyrene-1-ol is synthesized from pyrenecarbaldehyde33 or bromopyrene.34 
Another strategy to make nucleophilic substitution possible for pyrene is to reduce the 
electron density on ring by oxidizing pyrene to pyrenedioxanone.35 
 
1.4.3. Reduction  
 
Discussion about functionalization of pyrene is incomplete without mentioning 
about pyrene reduction. Reduction of pyrene is important because it leads to the 
functionalization at 2,7- and 4,5,9,10- positions, which is impossible otherwise. 
Reduction of pyrene takes place preferentially at the K-region (i.e. 4,5,9,10- positions) 
due to the more olefenic character of the bonds of this region and higher localized 
electron density on these positions as compared to the other portions.36 Birch reduction of 
pyrene to generate 4,5,9,10-tetrahydropyrene is reported by Harvey.37 But, the results of 
this method are highly sensitive towards purity of the starting material and reduction 
time. Longer reduction time leads to over-reduction. Similar results may be obtained 
using metal catalyzed hydrogenation.36 The catalysts used are mostly palladium38 and 
nickel.39 Reduction of pyrene can be restricted to di- or tetrahydro stage by controlling 
the reaction time. Regioseletivity of reduction at K-region decreases under high pressure 





Attempts to oxidize pyrene started long ago using chemically hazardous ozone 
and OsO4.40 Later on, the reagent combination was modified to OsO4/H2O2, OsO4/NaIO4 
and RuO2/NaIO4 systems where OsO4 and RuO4 (generated form RuO2) act as catalysts.41 
But, all aforementioned reagent combinations result in a mixture of oxidized products 
difficult to separate. Use of RuCl3/NaIO442 by Harris et. al. resulted selectively 4,5-
pyrenedione or 4,5,9,10- pyrenetetraone depending on the reactant quantity and reaction 
temperature. Sodiumdichromate/3 M H2SO4 is known to result in 1:1 mixture of pyrene-
1,6-dione and pyrene-1,8-dione.43 Another oxidized product is pyrene dication radical 
which may be generated in presence of SbF5/SO2ClF.44  
 
1.5. Pyrene Polymers 
 
The importance of conjugated polymers is well established in all fields of life 
starting from biology45 to material science.46 Among the conjugated polymers 
polyvinylene, polyacetylene, poly(aryleneethynylene), polyaniline, polythiophene are to 
name a few. The importance of conjugated polymers increases many folds with the virtue 
of fluorescence. Fluorescent conjugated polymers are extra advantageous to be used in 
organic photovoltaics47 and molecular sensing.48 A few drawbacks of fluorescent 
conjugated polymers such as fluorescence auto-quenching and low solubility has limited 
theier applicability as compared to the small molecules.46 Hence, it has been always a 
matter of research to find fluorescent conjugated polymers with better quantum yield, 
higher solubility and easy processibility. Attachment of fluorophores, with strong 
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emission in the UV-Vis range, to the polymer backbone has been proved to be a very 
effective approach to deal with the issue. Insertion of phenylene,49 naphthalene,50 
anthracene,51 carbazole,52 fluorene53 units to the polymer chain is well known. 
Unfortunately, pyrene polymers are neglected so far in comparison with other polyaryl 
systems. Pyrene polymers were first attempted by Marvel et. al. in 195454 by co-
polymerizing pyrene and 1,3-butadiene, although the results were not reproducible.55 The 
reported pyrene polymers can be broadly categorized based on different locations of the 
pyrene units in the polymer chain (Figure 1.5).  
 
(Polymers with pendant pyrene)
(Polymers with pyrene end-cap)





Figure 1.5. Schematic representation of different types of pyrene polymers.  
 
1.5.1. Polymers with Pendant Pyrene Moieties  
 
These polymers contain pyrene in the side chain where the pyrene units are 
attached to the polymer backbone either directly or with the help of a linker.  
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The first type of polymers mainly refers to the polyacetylenes with pendant 
pyrene units commonly known as poly(1-ethynylpyrene)s or PEP.56 Two types of PEP 
are known on the basis of geometry of the polyacetylene chain. Selective synthesis of cis- 
and trans- isomers was optimized by using different combinations of catalyst/co-
catalysts, solvents and temperature. Rivera et. al. reported the synthesis of trans- PEP 
(Mw as high as 400,000) using WCl6/Ph3Bi system with catalyst/co-catalyst/monomer 
ratio of 1:2:4057 whereas, selective synthesis of cis- PEP (Mw = 7,200 to 24,000) was 
done using (1-Me-indenyl)Ni(PPh3)(CCPh)/methylaluminooxane (MAO) catalyst/co-
catalyst combination.58 Further, polyacetylenes were prepared with disubstituted 
acetylenes57 and functionalized ethynylpyrene59 to study the effect of additional 
substituents present on the polymer backbone. These polymerizations were attempted 
with either WCl6 or TaCl5 or (nbd)Rh+[η6-C6H5B-Ph3] as catalyst. But, the resultant 
polymers from disubstituted acetylenes were found to be of low molecular weight (Mw = 
6,000) most probably because of the reduced reactivity of the disubstituted acetylenic 
monomers toward polymerization. 
 The other variety of this type of polymer contains spacer units between pyrene 
and the polymer backbone. Synthesis of these polymers can be achieved by two ways; (a) 
polymerization of pyrene derivatives where, pyrene is separated from the polymerizing 
functional group.60 (b) Post-polymerization modification, involving synthesis of polymer 






1.5.2. Polymers with Pyrene End-cap 
 
Several polymeric systems are reported with pyrene end-cap on either or both 
extremeties of the polymer chains.62 The main chain can be hydrocarbon, fluorocarbon, 
polystyrene, organosilane or poly(ethylene oxide).62b In principle, synthesis of such 
polymers can be acheived through two pathways; (a) post-polymerization modification 
with functionalized pyrene62c–62f and (b) polymerization with pyrene incorporated 
initiator.62g–62i  Scheme (a) requires presence of functional groups such as –OH or –NH2 
at the end of the polymer chain to react with pyrene substituted with acid or ester 
functionality. Poly(ethylene oxide), poly(dimethyl siloxane) are common examples to 
follow this labelling technique. Scheme (b) mainly involves living free radical 
polymerization such as atom transfer radical polymerization (ATRP)62g or reversible 
addition-fragmentation chain transfer (RAFT).62i Pyrene can be incorporated into the 
macroinitiator or  chain transfer agent involved in ATRP and RAFT, respectively. These 
polymers are developed mainly to study polymer chain dynamics which is sensitive to the 
chain length. So, controlled polymerization techniques such as ATRP, RAFT and ring 
opening metathesis polymerization (ROMP)62h are advisable to follow to restrict the PDI 
below or equal to 1.1.  
 
1.5.3. Polymers with Pyrene Incorporated Backbone  
 
This particular variety is entirely different from the other two types of polymers 
discussed above. Instead of carrying pyrene groups in the side chain, these polymers 
incorporate pyrene onto the polymer backbone. Only a few reports of such polymers are 
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found in literature, most probably because of the difficulty in characterization and 
processing of the polymers due to poor solubility. These polymers are made of pyrene 
functionalized through either 1,6- positions10,63a or 2,7- positions.63b 
Electropolymerization10 or metal [Pd (II) or Ni(0)]63a,63b catalyzed cross coupling 
reactions are the common synthetic methods. Incidentally, number of oligomers of this 
kind is more as compared to that of polymers.63c,63d  
 
1.5.4. Comparison Between Different Types of Pyrene Polymers 
 
Detailed investigations conducted on different classes of pyrene polymers find 
significant effect of location of the pyrene units on the physical properties of the 
polymers. The first effect observed is on solubility. Polymers with pyrene incorporated 
backbone are highly insoluble in common organic solvents as compared to the other 
varieties.10 The insolubility indirectly results in lower molecular weight.10 The average 
molecular weight (Mw) of polymers with pyrene incorporated backbone is usually below 
40,000,63b whereas, polymers with pyrene units on the side chain can be synthesized with 
molecular weight as high as 400,000.57 Presence of long alkyl chains help to enhance 
solubility.63a  
Location of pyrene units in the polymer has huge impact on the overall 
conjugation of the system. Presence of bulky pyrene units in the side chain causes 
twisting of the polymer backbone and hampers the electronic conjugation.57 As a result, 
the optical properties of these polymers resemble that of unsubstituted pyrene.57 On the 
other hand, pyrene incorporated in the backbone directly takes part in conjugation and 
results in lower energy transitions of the polymers. Pyrene units with 1,6- linkage in 
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polymer backbone has been found to be more effective63a to increase the conjugation as 
compared to 2,7- linkage.63b  
 
1.6. Applications of Pyrene Derivatives  
 
The main areas where pyrene derivatives are frequently used include (a) organic 
electronics, (b) sensors, (c) fluorescent tagging for bioimaging and (d) study of 
conformational behavior of macromolecules, supramolecules and micelle.  
 
 






1.6.1. Applications in Organic Electronics 
 
Mono- or poly functionalized small molecules are used in different fields of 
organic electronics including liquid crystal display (LCD),64 organic light emitting diode 
(OLED),65-67 organic field effect transistor (OFET)68-72 and organic solar cells.73 Among 
the three types of pyrene polymers discussed above, only the polymers with pyrene 
incorporated conjugated backbone could be used in organic electronics. But use of such 
polymers is not well known in this field most probably because of poor solubility and 
processiblity.  
 
1.6.1.1. Pyrene Based LCDs 
 
Liquid crystals are soft materials combining ordered states of crystals and 
dynamic states of liquids.64a Discotic liquid crystals show electroconductivity74 because 
of movement of electrons and holes in the direction of columns formed by piling up the 
discotic molecules. Hence, combination of molecular stacking and high fluorescence is 
required for better LCD performance. But, strong interchromophoric interactions inside 
the LC stacks (i.e. aggregates and excimers) are detrimental to fluorescence. Pyrene 
offers great help to solve this issue, because it offers efficient excimeric emission besides 
forming discotic LCs. Moreover, planar geometry of pyrene rings helps the molecules to 
π- stack and form the LCs. Significant number of pyrene incorporated discotic LCs are 
reported in the literature.64 Pyrene derivatives functionalized with suitable premesogens 
in mono-, di- or tetra- substituted positions are found to result in excellent LC behavior. It 
is observed that presence of long alkoxy chains (C8 - C18) on the periphery of the pyrene 
molecules induces maximum LC characteristics. Use of functional groups capable of H- 
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bonding or donor-acceptor interactions as external stimuli are known to facilitate discotic 
packing and to introduce supramolecular chirality.64d,64g 
 
1.6.1.2. Pyrene Based OLEDs 
 
The fundamental issues behind designing OLEDs are colour control with high 
luminescence efficiency. Though pyrene itself is not suitable for OLED fabrication due to 
high crystallinity,75 pyrene derivatives perform well in OLED fabrication because of 
interesting optical properties, high quantum efficiency and high carrier mobility.65 Most 
of the pyrene based OLEDs are blue light emitter due to the inherent blue emitting nature 
of pyrene.65 But it is possible to generate red66 and green light emitters67 by extending 
pyrene conjugation with suitable substituents. Pyrene derivatives can behave as both hole 
transporting and electron transporting material65o depending on the substituents. Pyrene 
has been coupled to both organic (e.g. fluorene, carbazole, phenylene, perylene, 
thiophene) and inorganic moieties (e.g. cyclic phosphazene,65k 
octavinylsilsesquioxane)65h to attain high efficiency. It is possible to achieve high 
quantum efficiency and current efficiency upto ∼ 5 % and 12.3 Cd/A using pyrene 
derivatives.65j,67e 
 
1.6.1.3. Pyrene Based OFETs 
 
Possibility of successful charge hopping by π- stacking has made pyrene 
derivatives attractive for OFET application. The first report of use of pyrene derivatives 
as the semiconducting layer in an OFET was published by Fages and co-workers.68 
Although in most of these derivatives pyrene is functionalized with thiophene or its 
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analogues,68,69 examples can be cited where phenylene70 or radical generating imino-
nitroxide71 group is being used as the counter part. Pyrene based semiconductors are 
mainly linear or star shaped with better solubility and processiblity of the later. The 
maximum field effect mobility values obtained for pyrene derivatives are in the range of 
∼ 0.1 cm2 V-1 s-1 with Ion/off ratio as high as 5 × 104. Better device performance with field 
effect mobility of 0.25 cm2 V-1 s-1 and Ion/off of 106 was obtained by using heteropyrene.72 
 
1.6.1.4. Pyrene Based Organic Solar Cells 
 
Long lived singlet excited state (S1) and favorable redox potential of pyrene have 
made it attractive sensitizer for dye sensitized solar cells (DSSC). A number of pyrene 
derivatives with terminal carboxylic acid functionalities have been explored in this 
regard.73 Efficiency of photon to electrical current conversion of DSSC has been found to 
improve with increasing number of pyrene units present in the dye molecule. Introduction 
of conjugated linkers between pyrene and the anchoring groups is another way to gain 
better performance. 
 
1.6.2. Sensors  
 
The primary structural requirement of a molecular sensor is to contain binding 
sites and signaling subunits. Binding sites help to communicate with the substance of 
detection and signaling subunits display selective changes in observable features upon 
guest binding.76 In general, change in color or fluorescence intensity or current density is 
used as detection probe. Pyrene based chemosensors mainly exploit the switching 
between monomeric and excimeric emission upon guest binding as the detection probe. 
Alternatively, enhancement or quenching of overall fluorescence intensity of the sensor 
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may be monitored. Such changes in emission intensity results from change in 
intramolecular photoinduced electron transfer (PET) or photoinduced charge transfer 
(PCT) due to guest binding. Both small molecules and polymers with pendant pyrene or 
end-cap pyrene are known with sensory applications.62j The long list of analytes includes 
cations76 of heavy metals (Pb2+, Hg2+, Cd2+), transition metals (Cu2+, Zn2+, Ru2+), alkali 
and alkaline earth metals (K+, Ca+, Mg+), anions77 (e.g. iodide, fluoride, phosphate and 
pyrophosphate) and biomolecules (e.g. heparin, glucose, neucleotides and ATP).78 Pyrene 
based gas sensors79 for carbondioxide, nitroaromatic compounds and pH sensor80 are also 
reported in literature. 
 
1.6.3. Pyrene Based Biomolecular Probes 
 
 
Fluorescent probes are useful to investigate many aspects of biomolecules 
including their conformational analyses and interaction in non-radioactive detection and 
visualization modes. Pyrene has drawn attention for this application due to its inherent 
chemical and photochemical properties such as long fluorescence lifetime of pyrene 
excimers in the vicinity of the biomolecules and nonmutagenic nature of pyrene with 
high LD50 (50 % lethal dose; 250 mg kg-1, mice) value.81 Simple polyaromatic 
hydrocarbon skeleton of pyrene does not require any protection prior to the incorporation 
into biomolecules.81 Pyrene based biomolecular probes have been used for detection of 
DNA and RNA,82 study of protein-substrate and protein-protein interactions,83 analyses 
of conformational changes of proteins84 and monitoring the real-time dynamics of 
biological membranes.85 These probes work in a simple mechanism called ETPH 
(Excimer-forming Two-Probe neuclic acid Hybridization) method, where two pyrenes 
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attached at the neighboring terminals of two sequential probe oligonucleotides 
complementary to a single target molecule form excimer. Similarity of absorption-
emission wavelengths between pyrene and several other biomolecules may restrict the 
use of pyrene derivatives as biomolecular probes to some extent, but this difficulty can be 
solved by extending the π- conjugation of pyrene with ethynyl substituents.86 
 In vitro and in vivo use of pyrene derivatives as fluorescent tag of drug delivery 
systems are also well established to study trafficking and cell-uptake of drugs by 
fluorescence imaging.87    
 
1.6.4. Conformational study of macromolecules, supramolecules and 
micelle  
  
1.6.4.1. Investigation of Polymer Chain Dynamics 
 
One of the important application of pyrene and its derivatives in conformational 
study is to gain information about polymer chain dynamics.60,62c,62d,62f,88a This is based on 
Wilemski and Fixman’s (WF) theory88b which suggests that a polymer containing a 
fluorescent group on one end and an efficient quencher on the other end will help to 
determine rate constant for end-to-end cyclization of the polymer chain (kcy) and the 
slowest internal relaxation time of the chain (τ1) by carrying out fluorescence quenching 
experiments. Instead of fluorescence quencher, two excimer forming fluorophores may 
be attached at the two ends of the polymer88c where, cyclization is detected by monitoring 
the excimeric fluorescence. Pyrene is the most suitable fluorophore to test WF theory 
because of its intense fluorescence with long fluorescent lifetime, photostability, 
excimeric emission differing sufficiently from monomeric emission and sufficient 
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stability of excimers at room temperature or below. The use of fluorescence to monitor 
the encounters between two pyrene chromophores attached onto a polymer has enriched 
the knowledge about long range dynamics,88d conformation,88e and aggregation88f of 
polymers in solution. Although most of the studies are done in solution state, these 
polymers are equally useful to be used for the investigation in solid state.62f Such end-
capped polymers are also useful for studying energy migration, photon harvesting and 
electron transfer within polymers.62h 
 
1.6.4.2. Conformational Study of Supramolecules 
 
Supramolecules are self-assembled molecular systems formed by various non-
bonding intermolecular interactions.89a Stimuli responsive supramolecular assemblies like 
molecular motors, rotaxanes and catenanes are very important in the bottom up approach 
of organic electronics.89b Hence, it is important to analyse the exact conformation of 
supramolecules as well as to monitor their response to the external stimuli. Switching 
between monomeric and excimeric emission of pyrene in two different conformation of a 
pyrene containing supramolecule has been exploited successfully for this purpose.89,90 
The added advantage of pyrene in such systems is its planar framework enriched with π- 
electron cloud which takes part in active π-π stacking and imparts extra stability to the 
assembly.89a  
 
1.6.4.3.  Study of Micelle 
 
Importance of pyrene chemistry to study a micelle is many fold.91 Polarity 
dependence of the intensity ratio of vibrational bands of pyrene fluorescence spectrum 
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(I1/I3) has been exploited in numerous examples to measure the critical micelle 
concentration (cmc) of a surfactant,91c especially zwitterionic91d and nonionic91e 
surfactants. The ratio of I1/I3 decreases after micelle formation because of the nonpolar 
environment of pyrene inside the micelle. Effect of external parameters such as 
temperature, pressure and electrolytes on the cmc of a particular surfactant has been 
successfully studied using pyrene probe.91b Further, switching between monomeric and 
excimeric emission of pyrene before and after micelle formation helps to investigate 
structural details of the micelle.91b,91e Quenching of pyrene fluorescence inside a micelle 
by added quencher helps to understand the diffusion mechanism of the quencher through 
the micelle.91a 
 
1.6.5. Miscelleneous use 
  
1.6.5.1. Associative Thickeners (ATs) 
 
 Hydrophobically modified water-soluble polymers are known as asociative 
thickeners because they undergo intra or intermolecular association in aqueous 
solution.88a These associating polymers find applications as rheology modifiers in water 
based coating fluids which are used in a number of industries such as paint, paper, 
cosmetics, detergent and adhesives.88a,92a A significant number of associative thickeners 
are reported in literature containing pyrene.62,92 Pyrene is a suitable hydrophobic 
substituent because of the peri- fused ring structure. Sensitivity of pyrene fluorescence on 
the local environment and state of aggregation helps to study the interaction of the 
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thickeners with the coating fluids. It further helps to optimize the thickener/fluid ratio to 
get best performance properties.92b 
 
1.6.5.2. Study of Surrounding Polarity 
 
Fluorescence solvatochromism of the pyrene derivatives have been used as a 
measure to probe the polarity of the surrounding medium93 which in turn, has established 
a new polarity scale called as Pyrene or Py scale.9a 
 
1.7. NPs, Nanotoxicity and Available Methods for Nanowaste 
Management  
 
1.7.1. NPs and Nanotoxicity 
 
Particles with dimension in 1 – 100 nanometer (10-9 m) order are known as NPs. 
These are made of either inorganic or organic materials. The shapes of NPs are not 
restricted to only sphere; triangular,94 cubic,95 and rod shaped96 nanostructures are also 
well known. NPs show different physical properties as compared to their bulk 
counterparts. Structure, shape, solubility, reactivity and surface chemistry of the NPs are 
subject to modification by surface tailoring.  
With the rapid advance in nanotechnology, more than six hundred nano-based 
products, related to sports, textiles, pharmaceuticals, cosmetics and household are being 
marketed worldwide.97 Detrimental side effects of engineered NPs on living systems led 
to the emergence of a new branch of research called “nanotoxicology”. There are many 
possible ways of entry of NPs to the living entities such as inhalation,98 absorption 
through skin99 and ingestion.100 Easy translocation101 of the NPs throughout the body 
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parts from the entry site and limited number of available excretion routes cause 
accumulation of these tiny elements inside the living organism. As evident, excretion of 
NPs is possible only through urine and feces.102 Thus, prolonged exposure to NPs causes 
the NP concentration inside living entities to exceed the danger limit. It results in any of 
the adverse effects such as cytotoxicity, cell death, genotoxicity or alteration in gene and 
protein expression. Over the past couple of years, investigations have established 
significant cytotoxicity associated with various NPs.103 Majority of commonly used NPs 
have been screened for their cytotoxicity and some of them are identified as potentially 
dangerous for human applications. Silica,104 QDs,105 TiO2,106 carbon NPs and 
nanotubes,107 Ag108 and ZnO NPs are indentified as potentially cytotoxic. Genotoxicity in 
cells treated with NPs can occur as a direct interaction of DNA or chromosomes with 
either the NPs or the corresponding ions. Silver and titanium NPs are known candidates 
under this category.108,109 NiO particles,110 MWCNT,111 silica NPs112 have been observed 
to cause alteration in gene and protein expression. The severity of exposure varies 
depending on size, chemical nature and reactivity of the NPs.113 The tiny size of the NPs 
have made them potentially more hazardous as compared to the bigger particle because 
of enhanced probability of penetration inside the cells. Experimental evidence points out 
a four fold increase in deposition of nano sized particles (less than 100 nm) compared to 
micron sized particles.114 
 
1.7.2. Available Methods for Nanowaste Management 
 
 Although, the research of nanotoxicity is still in its infancy, the associated danger 
is clearly predictable.103 Among all potential medium, water is more prone for 
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nanocontamination as compared to air and soil. Unfortunately, only a few methods are 
available so far for nanowaste treatment of water such as LOTN filtration,115 electrolyzed 
anode water116 and megasonic cleaning.117 These are again associated with disadvantages 
such as poor efficiency, complicated set-up and high cost.  
 
1.8. Phase Transfer of NPs  
 
Syntheses of NPs are reported in either aqueous118 or organic medium119 but, use 
of both methods have certain pros and cons. Water based NP synthesis is simpler than the 
other because of good solubility of many metal salts and capping agents in water. 
Moreover, thus produced hydrophilic NPs can be easily bioconjugated with DNA and 
enzymes.118g On the other hand, high degree of control over size and monodispersity of 
the NPs can be achieved in organic phase synthesis.118h Thus produced NPs can be stored 
in powder form for unlimited period of time without any sintering, although formation of 
bioconjugates is impossible in an organic environment.118g Hence, it is often required to 
transfer NPs between different liquid phases to achieve a specific application. Thus, 
growing research efforts have been directed toward the study of phase transfer of NPs 
from aqueous phase to organic phase120 or vice-versa.121 A wide range of organic phases 
have been reported, starting from common organic solvents such as toluene, chloroform, 
ethylacetate, cyclohexane, butylacetate to specially designed hydrophobic ionic liquid 1-
butyl-3-methylimidazolium hexafluorophosphate ([C4MIM][PF6]).122 The main strategy 
to approach phase transfer is to alter the hydrophilicilty or hydrophobicity of the NPs by 


















































































































1.8.1. Replacement of the Original Ligands  
 
As it is shown in Figure 1.7 (method 1), shaking of citrate capped water soluble 
AuNPs in presence of mercaptothiadiazole causes complete replacement of citrate with 
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the later.120q Hydrophobicity of the new capping agent mercaptothiadiazole makes the 
NPs hydrophobic and brings them to the organic phase.  
 
1.8.2. Encapsulation of the NPs with Differently Charged Ligands 
   
As elaborated in Figure 1.7 (method 2), citrate anions on the surface of water 
soluble AuNPs strongly attract the oppositely charged tetraoctylammonium ions to form 
surface ion pairs by electrostatic interactions.120k It changes the protecting layer of NPs 
from hydrophilic to hydrophobic and drives the NPs to move from water to organic 
phase.  
 
1.8.3. Chemical Modification of the Original Ligands 
 
  The example discussed in Figure 1.7 (method 3) shows a two step approach to 
transfer the citrate capped AuNPs from water to the organic phase.120m Initial surface 
adsorption of mercaptoacetic acid (MAA) onto the NP surface followed by amide 
coupling of carboxyl head groups with dicyclohexylamine (DCHA) cause covalent 
attachment of DCHA onto the periphery of NPs. Bulky DCH groups forces the phase 
transfer by entropically stabilizing the NPs in organic phase. 
Hence, the interaction between the new ligands with the NPs may be either 
covalent120a,120c,120h or electrostatic.120d,120f,120i,120j Although the reports of such phase 
transfer of NPs is more for Au and Ag NPs, a significant number of reports describe 
transfer of other NPs and QDs between different liquid phases using the same 
mechanism.123 Use of both small molecules and polymers are reported to result in 
effective phase transfer of NPs.120a,123,124 Recently, the phase transfer of nanostructures 
 31
has been expanded from spherical particles to other anisotropic structures such as 
nanorods.124,125 
 
1.9.  Chromophore-NP Interaction 
 
Chromophore functionalized NPs are important due to their wide spread 
applications in the field of optoelectronic devices (sensors, switches, light harvesting 
systems, fluorescence patterning) and as biological probes.126 Many small molecules127 
such as pyrene, fluorescein, stilbinyl, dancyl, quinine, conjugated polymers,128 
semiconductor QDs129 and macromolecules (e.g. porphyrin, phthalocyanine, fullerene)130 
have been used as the chromophore. The chromophores can be attached to the NP surface 
by either (a) deposition as adjacent thin films131 or (b) covalent attachment of 
chromophores on NP surface through thiols, amines and silanes functionalities.132 
Emission property of the chromophores in the vicinity of NPs is greatly influenced by the 
NPs. NPs affect the relaxation procedure of the photoexcited chromophores either by 
introducing non-radiative relaxation routes or by modifying the radiative route.131b,137c 
Examples of non-radiative routes are charge transfer and energy transfer from the 
photoexcited molecule to another molecule in the ground state. The organic chromophore 
can act as electron donor or acceptor131a,133 in a chromophore-NP system depending on 
the chemical nature of the chromophore. The charge transfer mechanism between NPs 
and chromphores is a special type of Förster Resonace Energy Transfer (FRET) called as 
Surface Energy Transfer (SET) where, the chromophore is considered as a dipole and the 
NP as a surface.134 Fluorescence quantum yield of the chromophores may either 
quench135 or enhance136 due to the optoelectronic interaction with NPs.  
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1.9.1. Pyrene-NP Interaction 
  
As discussed in the earlier part of this chapter, pyrene is one of the most attractive 
fluorophore and has been used as an effective probe to study the interaction of 
chromophore-NP conjugates. Interaction of pyrene with a wide range of NPs have been 
studied which includes mainly Au137 and Ag.138 Pyrene emission can either enhance or 
quench in presence of the NPs. Several mechanisms have been proposed to explain this 
behavior. Enhancement of pyrene fluorescence on binding to NP may be due to regain of 
pyrene fluorescence which was otherwise inhibited by intramolecular electron donation 
from some other electron rich group present in the chromophore (Figure 1.8).137a For 
example, pyrene fluorescence is weak in 1-methylaminopyrene due to the quenching 
effect of amine lone pairs. On binding to gold NP, this lone pair is donated to the NP and 
pyrene fluorescence is regained.  
Different mechanisms are responsible for fluorescence quenching in medium with 
different polarity.137c In nonpolar solvents, intermolecular excimer formation is 
responsible for fluorescence quenching whereas, in polar solvents the quenching is due to 
electron transfer to the Au nanocore (Figure 1.8). Charge and energy transfer are favored 
by a smaller core size (< 30 nm) of NP and a short distance (< 10 nm) between the NPs 
and chromophore. Detailed investigations have been done on the effect of (a) size of NPs, 
(b) pyrene concentration on the NP surface, (c) distance between pyrene and the NP 
surface and (d) solvent polarity on pyrene-NP interaction. It has been found that 
quenching of pyrene fluorescence is more effective for smaller NPs as compared to their 
bigger counterparts.137d The effect of NPs on pyrene emission is inversely proportional 
with the distance between them.137c 
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By definition, antioxidants are molecules that inhibit the oxidation of other 
molecules. In other words, antioxidants work as a quencher of the free radicals generated 
by oxidation. Hence, antioxidants themselves are reducing agents such as thiol, amine or 
polyphenol. Antioxidants are very important in biology, because they balance the free 
radical contents in biological systems generated from various physiological processes. 
Though in a normal cellular environment free radicals, commonly known as reactive 
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oxygen species (ROS), are essential to life, but overproduction or exhaustion of them 
may become harmful leading to adverse effects such as, cardiovascular disease, 
Alzheimer’s disease, Parkinson’s disease, diabetes, rheumatoid arthritis and cancer. 
Superoxide radical (O2.-), hydroperoxy radical (HO2.), hydroxy radical (HO.), peroxy 
radical (ROO.), alkoxy radical (RO.), hydrogen peroxide (H2O2), singlet oxygen (1O2) and 
hypochlorous acid (HOCl) are examples of commonly known ROS.139 Glutathione, 
ascorbic acid, vitamin-E, catalase, superoxide dismutase, peroxidases are the examples of 
naturally occurring antioxidants. The mechanism of radical scavenging by antioxidants is 
based on the trapping of radicals via hydrogen transfer140 or redox reactions.141 These 
reactions can be monitored using ESR signal changes of the radicals142 or via fluorescent 
signal changes of fluorophores covalently linked to the radical quenchers.143 Fluorescent 
probes are considered to be better sensors of ROS due to their high sensitivity, simplicity 
in data collection and high spatial resolution in microscopic imaging techniques. 
 
1.10.1. Fluorescent Antioxidants 
 
Fluorescent antioxidants contain two main segments called receptor and reporter. 
Receptor unit scavenges the radicals and reporter unit, which absorbs and emits in UV-
Vis range, undergoes fluorescence quenching or enhancement upon interaction with 
radicals. A significant number of fluorescent antioxidants are reported in literature which 
is being used for detecting specific ROS while scavenging.139 Table 1.1 enlists some of 






Table 1.1. List of reported fluorescent probes for ROS detection 
ROS Fluorescent probe used for detection 
Superoxide 
radical 
1.     Hydroethidine (HE),  
2.     1,3-Diphenylisobenzofuran (DPBF), 
3.     2-(2-Pyridil)-benzothiazoline. 
Hydrogen 
peroxide 
1.     2,7-Dichlorodihydrofluorescein (DCFH), 
2.     Scopoletin (7-hydroxy-6-methoxy-coumarin),  
3.     N-Acetyl-3,7-dihydroxyphenoxazine (Amplex Red),  
4.     Homovanillic acid (4-hydroxy-3-methoxy-phenylacetic 
        acid; HVA),  
5.     Dihydrorhodamine 123 (DHR)  
Singlet 
oxygen 
1.     9,10-Dimethylanthracene (DMA),  
2.     9-[2-(3-Carboxy-9,10-diphenyl)anthryl]-6-hydroxy-3H- 
        Xanthen-3-ones (DPAXs),  
3.     9-[2-(3-Carboxy-9,10-dimethyl)anthryl]-6-hydroxy-3H- 
        xanthen-3-one (DMAX) 
Hydroxy 
radical 
1.     4-(9-Anthroyloxy)-2,2,6,6-tetramethylpiperidine-1-oxyl, 
 2.     1,3-Cyclohexanedione (CHD), 
3.     Sodium terephthalate,  
4.     Coumarin, coumarin-3-carboxylic acid (3-CCA) and N- 
        succinimidyl ester of coumarin-3-carboxylic acid     
        (SECCA),  
5.      2-[6-(4V-Hydroxy)phenoxy-3H-xanthen-3-on-9-yl]benzoic  
         acid (HPF) and 2-[6-(4V-amino)phenoxy-3H-xanthen-3-  
         on-9-yl] benzoic acid (APF),  
6.      Fluorescein (FL)  
Peroxy 
radical 
1.      cis-Parinaric acid,  
2.     C11-BODIPY,  
3.     Lipophilic fluorescein derivatives, 
4.     Dipyridamole,  
5.     Diphenyl-1-pyrenylphosphine (DPPP),  
6.     2,7-Dichlorodihydrofluorescein diacetate (DCFH-DA),  
7.     b-Phycoerythrin/Fluorescein/6-Carboxyfluorescein 
 
Fluorescence of these probes enhances in presence of the ROS because of the generation 
of new fluorescent species (most possibly dimer). This is being observed while using HE, 
DCFH, amplex red, HVA and DHR for ROS detection.139 Alternatively, some structural 
changes in the probe molecule caused by ROS may eliminate the possibility of 
intramolecular quenching. Thus the fluorescence of the probe is regained.144 In a similar 
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manner, production of nonfluorescent species by reaction with ROS leads to fluorescence 
quenching, e.g. DMA.145 
 
1.11. Aim and Purpose of the Thesis 
 
Structurally versatile fluorescent compounds have been always an area of interest 
for researchers for their direct application in all fields of science, starting from biology to 
materials. Control over the optoelectronic properties of such molecules is the key factor 
in developing application specific fluorescence materials. The overall focus of this thesis 
is two fold: 
 
1. To design and synthesize structurally versatile fluorescent conjugated small 
molecules and polymers to understand the structure–property relationship.  
 
Pyrene is one of the excellent fluorophores with high fluorescence efficiency, longer 
excited state life time, higher chemical stability and stronger resistance to 
photobleaching. Moreover, the ease of functionalization of pyrene is worth mentioning to 
draw the attention of organic synthetic chemists. Thus, pyrene has been chosen as the 
building block for all molecules reported in this thesis. Thorough investigation of optical, 
electrochemical, thermal and self-assembly properties of newly designed materials are 
expected to give significant insight about modulating the physical properties of 
fluorophores. Inspite of the immense importance of fluorescent conjugated polymers, 
pyrene incorporated fluorescent polymers are not well explored in literature so far. In that 
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aspect, it would be advantageous to synthesize co-polymers of pyrene coupled with other 
electroactive arene moieties to explore the structure-property relationship.  
 
2. To apply the synthesized materials to deal with contemporary problems. 
 
(a) The adverse side effect of overwhelming use of nanotechnology in daily life is 
nanopollution as well as nanotoxicity. As an ongoing project of our research group to 
remove nanowaste from aqueous environment, development of new materials has been 
proposed which may remove NPs from water by simple ligand exchange mechanism. 
Since NPs are well known to quench pyrene fluorescence, fluorescence of the pyrene 
derivatives may offer great help to monitor the extraction procedure. Peri- fused structure 
of pyrene is expected to introduce enough hydrophobicity to the material to avoid 
leaching into water resources while removing nanowaste from water. Primarily, only Au 
and Ag NPs have been chosen as the nanowaste to optimize the extraction set-up. Pyrene 
derivatives functionalized with thioacetate and hydroxyl groups may be useful to remove 
Au and Ag NPs from water because of their strong binding ability towards NPs.   
 
(b) Importance of fluorescent antioxidants for detection of ROS is well established. 
Inspite of the existence of many fluorescent probes, there is much scope for improvement 
on their performance while considering in vitro and in vivo applications. Pyrene 
derivatives have already proved their excellence in probing several biomolecules. So, it is 
anticipated that pyrene derivatives will be potential ROS detector for in vitro or in vivo 
use. Few pyrene derivatives functionalized with antioxidant substituents such as 
polyphenols have been designed and synthesized. Since no such pyrene based fluorescent 
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Research on semiconducting materials is of interest owing to their potential 
applications in the field of electronics such as light emitting diodes (LEDs), field effect 
transistors (FETs) and photovoltaics (PVs).1 Structural requirements for such materials 
include high photoluminescence quantum yield, large area coverage, solution 
processability, thin film formation, high charge carrier mobility and low cost synthesis. 
Both inorganic2 and organic3,4 materials are suitable for the purpose with added 
advantages to organic counter parts. Low electron affinity and high transport properties 
of organic semiconducting polymers are well explored. Semiconducting materials with 
low molecular weight are better candidates than polymers in terms of purity and 
crystallinity. Oligothiophenes received considerable attention in the field of organic 
electronics because of their synthetic accessibility and formation of semiconducting 
polycrystalline thin films.5 Oligomers made of thiophene6 or thiophene coupled with 
other aromatic hydrocarbons7a-7e such as anthracene,7f tetracene7g and pentacene7h are 
reported in the literature. Often, these thiophene functionalized polyacenes are found to 
be unstable in ambient conditions which limits their applications. Pyrene may be a 
suitable candidate to accompany thiophene in developing semiconducting materials with 
interesting properties. Apart from introducing stability, pyrene offers high 
photoluminescence eficiency and π- stacking ability in both solution and solid state,8 
which is a crucial parameter for improving charge hopping within the solid state material. 
Number of thiophene units present are found to have a positive correlation with the 
charge carrier mobility of pyrene derivatives.9 Transport efficiency is enhanced by 
  65
attaching  thiophene units at the terminal of a molecule. Recently, highly branched and 
conjugated molecules are used in OFETs10 due to their enhanced solubility and 
multifunctionality as compared to linear conjugated systems.7d  
 
 
Figure 2.1. Molecular structure of the target compounds (TM1 – TM3). 
 
 
Therefore, in order to obtain further insight about the structural dependence on the 
properties, butterfly shaped pyrene–thiophene derivatives have been designed (Figure 
2.1). The target molecules differ from each other with respect to the linker between 
central pyrene and peripheral thiophenes. The spacers have been designed as thiophene 
(TM1), acetylene (TM2) and phenyl diacetylene (TM3) to study the effect of spacer on 
material properties such as, conjugation, π-π stacking, stability and film formation. 
Herein, we describe the synthesis of target molecules followed by structural elucidation 
using single crystal XRD and investigation about their thermal, optical and 
electrochemical properties. Surface morphology of the dropcasted / spincoated films were 




Scheme 2.1. Synthesis of TM1 - TM3. (a) Br2, nitrobenzene, 120 °C, 4 h. (b) K2CO3, 
Pd(PPh3)4, THF, 85 °C, 24 h. (c) NBS, CHCl3, 0 °C - rt, 12 h. (d) TMSA, Pd(PPh3)2Cl2, 
CuI, diisopropylamine, N2, 80 °C, 21 h. (e) K2CO3, MeOH, N2, rt, 12 h. (f) Pd(PPh3)2Cl2, 
CuI, PPh3, diisopropylamine, THF, N2, 80 °C, 30 h. (g) TMSA, Pd(PPh3)2Cl2, CuI, 
triethylamine, THF, N2, rt, 19 h. (h) Pd(PPh3)2Cl2, CuI, PPh3, diisopropylamine, THF, N2, 
80 °C, 20 h. (i) K2CO3, MeOH, N2, rt, 12 h. (j) Pd(PPh3)2Cl2, CuI, PPh3, 
diisopropylamine, THF, N2, 80 °C, 30 h. 
 
2.2. Experimental Section 
2.2.1. Materials and Methods 
   
  All reagents and solvents were purchased from commercial sources and used 
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without further purification unless otherwise stated. THF was purified by distillation 
over sodium and benzophenone under nitrogen atmosphere. The 1H and 13C NMR 
spectra were collected on a Bruker ACF 300 spectrometer operating at 300 and 75.5 
MHz, respectively. CDCl3 was used as solvent with tetramethylsilane as internal 
standard. FT-IR spectra were recorded using BIO-RAD FT-IR spectrophotometer. 
MALDI-TOF mass spectra of the compounds were recorded using Bruker Deltronix 
Autoflex ІІ instrument. Solution of 1,8,9-trihydroxyanthracene (0.1 M) and 2,5-
dihydroxybenzoic acid (0.1 M) in THF were used to prepare the matrix. Crystal data 
were collected on a Bruker APEX diffractometer attached with a charge-coupled 
device (CCD) detector and graphite-monochromated Mo Kα radiation (λ, 0.71073 Å) 
at 100 K. Suitable single crystals were chosen under optical microscope, mounted on 
glass fibers, and frozen under a cryogenic nitrogen stream before data acquisition. 
Empirical absorption correction was applied to the data using the SADABS 
program.12 The crystal structures were solved by direct methods and refined on F2 by 
full-matrix least-squares procedures using SHELXTL.13 All non-hydrogen atoms were 
refined with anisotropic displacement parameters except for the disordered atoms. In 
TM1, two of the n-hexyl groups were disordered with the terminal C- atoms 
occupying two positions with occupancy ratio = 57:43 and 73:27, respectively. In 
TM2, two of the side chains were disordered, each into two at 70:30 occupancy 
ratios. UV-Vis spectra were recorded using a Shimadzu 3101 PC spectrophotometer 
and fluorescence measurements were made on a RF-5301PC Shimadzu 
spectrofluorophotometer. The quantum yields of the synthesized compounds in 
chloroform were measured using quinine sulfate (0.1 M H2SO4) as a reference.14 CV 
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experiments were performed using an Autolab potentiostat (model PGSTAT30) by 
Echochimie and data recorded in acetonitrile with 0.1 M tetrabutylammonium 
hexafluorophosphate as supporting electrolyte (scan rate of 100 mV s-1). The 
experiments were performed at room temperature with a conventional three electrode 
configuration consisting of an ITO working electrode, a platinum counter electrode, 
and Hg/Hg2Cl2 in 3 M KCl as reference electrode. TGA were done on a TA-SDT2960 
at a heating rate of 10 ºC/min under nitrogen atmosphere. The surface morphology of 
the films was investigated using AFM. The experiment was performed at room 
temperature using a commercial AFM Nanoscope IV (Dimension 3100, Digital 
Instruments) in the tapping mode. The films were prepared by spin coating 
chloroform or DCB solutions (0.5 mg/mL) of the respective compounds on clean ITO 




Compound 1 was prepared according to the literature reported procedure.15 
Compound 2, 3, 4 and 5 were synthesized with slight modification of the reported 
procedures16,17 and characterization of these intermediates was done by matching 1H and 
13C NMR data with the previous reports.  
 
Synthesis of TM1 11 
 
 1,3,6,8-Tetrabromopyrene (1) (0.1 g, 0.19 mmol), 5'-hexyl-2,2′- bithiophene-5-
boronic acid pinacol ester (0.365 g, 0.97 mmol) were dissolved in distilled THF (30 mL) 
at room temperature under continuous stream of nitrogen. 2 M solution of K2CO3 (20 
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mL) was added to it followed by the addition of tetrakistriphenylphosphine palladium (0) 
catalyst (0.023 g, 0.019 mmol). After stirring the reaction mixture continuously at 85 °C 
for 24 h, it was cooled to room temperature, quenched with water and extracted several 
times with DCM. The organic layer was dried over anhydrous sodium sulphate, filtered 
and evaporated to get red solid as the crude product. It was further purified through 
column chromatography using 5 % DCM/hexane as the eluting solvent. Yield 0.165 g, 73 
%, m. p. 146 °C. 1H NMR (300 MHz, CDCl3, δ ppm): 8.61 (s, 4H, pyrene H), 8.26 (s, 
2H, pyrene H), 7.31 (d, J = 3.80 Hz, 4H, thiophene H), 7.24 (d, J = 3.60 Hz, 4H, 
thiophene H), 7.08 (d, J = 3.60 Hz, 4H, thiophene H), 6.73 (d, J = 3.6 Hz, 4H, thiophene 
H), 2.83 (t, 8H, thiophene-CH2-), 1.72 (q, 8H), 1.42 - 1.32 (m, 24H), 0.91 (t, 12H, 
terminal CH3 of hexyl chain). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 145.4, 140.0, 139.1, 
134.6, 130.4, 129.3, 128.9, 128.4, 125.9, 125.4, 124.8, 123.4, 123.3 (pyrene and 
thiophene Cs), 31.6, 31.5, 30.2, 28.8, 22.6, 14.1 (alkyl Cs). IR (KBr, cm-1) ν = 723, 794, 
1495, 2848, 2920, 3062. MALDI-TOF MS: m/z = 1196 [M]+. Elemental analysis calcd. 
for C72H74S8: C, 72.31; H, 6.24; S, 21.45. Found C, 71.94; H, 6.63; S, 20.98. 
 
Synthesis of Compound 216  
 
 NBS (0.357 g, 1.83 mmol) was added to a solution of 2-n-hexylthiophene (0.3 g, 
1.78 mmol) in chloroform (20 mL) at 0 °C. The reaction mixture was allowed to come to 
room temperature and was stirred for 12 h. After completion of the reaction, solvent was 
removed in rotavap and mixed with hexane. After filtration the filtrate was evaporated to 
get the crude product which was further purified using column chromatography (hexane) 
to get the colorless liquid. Yield 0.34 g, 77 %. 1H NMR (300 MHz, CDCl3, δ ppm): 6.89 
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(d, 1H, J = 3.60 Hz, =CH), 6.59 (d, 1H, J = 3.60 Hz, =CH), 2.80 (t, 2H, =CH-CH2-), 1.79 
- 1.66 (m, 2H, -CH2-), 1.52 - 1.39 (m, 6H, 3 -CH2-), 0.99 (t, 3H, -CH3). 13C NMR 
(CDCl3, 75.5 MHz, δ ppm): 147.5, 129.2, 124.2, 108.5 (thiophene Cs), 31.5, 31.4, 30.3, 
28.6, 22.5, 14.0 (hexyl Cs). 
 
Synthesis of Compound 316 
 
 To a degassed solution of 2 (0.281 g, 1.14 mmol) in diisopropylamine (10 mL), 
Pd(PPh3)2Cl2 (0.04 g, 0.06 mmol) and CuI (0.013 g, 0.07 mmol) were added. After 15 
minutes, TMSA (0.168 g, 1.71 mmol) was added to it and stirred at 80 °C for 21 h. After 
completion of the reaction, the reaction mixture was cooled to room temperature and 
evaporated to dryness. The crude product was purified through column chromatography 
(hexane) to get yellow liquid (0.192 g, 64 %). 1H NMR (300 MHz, CDCl3, δ ppm): 7.06 
(d, 1H, J = 3.60 Hz, =CH), 6.62 (d, 1H, J = 3.40 Hz, =CH), 2.77 (t, 2H, =CH-CH2-), 1.68 
- 1.56 (m, 2H, -CH2-), 1.41 - 1.32 (m, 6H, 3 -CH2-), 0.91 (t, 3H, -CH3), 0.26 (s, 9H, 
Si(CH3)3). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 148.2, 132.6, 123.9, 120.4 (thiophene 
Cs), 98.2, 97.6 (-C C-), 31.49, 31.46, 30.1, 28.6, 22.5, 14.0 (hexyl Cs), 0.12 
(Si(CH3)3). 
 
Synthesis of Compound 416 
 
 Anhydrous K2CO3 (0.184 g, 1.33 mmol) was added to a degassed solution of 3 
(0.176 g, 0.66 mmol) in methanol (10 mL) and stirred at room temperature for 12 h under 
dark. The reaction mixture was quenched with water and extracted with DCM (3 × 50 
mL). The combined organic layer was dried over anhydrous Na2SO4 and evaporated to 
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get the desired product (yield 0.107 g, 91 %). The product was directly used in the next 
step without further purification. 
 
Synthesis of TM2 
 
 To a degassed solution of compound 1 (0.114 g, 0.22 mmol) in diisopropylamine 
(7 mL) were added Pd(PPh3)2Cl2 (0.008 g, 0.01 mmol), CuI (0.004 g, 0.01 mmol) and 
triphenylphosphine (0.008 g, 0.02 mmol). After 15 minutes, a solution of 4 (0.254 g, 1.32 
mmol) in distilled THF (7 mL) was injected into the reaction mixture and kept it for 
stirring at 80 °C for 30 h. After the completion of the reaction, the reaction mixture was 
cooled to room temperature and evaporated to dryness. The crude product was purified 
through column chromatography using hexane/DCM (85:15, v/v) to get red solid. Yield 
0.112 g, 53 %. m. p. 112 °C. 1H NMR (300 MHz, CDCl3, δ ppm): 8.47 (s, 4H, pyrene 
=CH-), 8.24 (s, 2H, pyrene =CH-), 7.30 (d, 4H, J = 3.40 Hz, thiophene =CH-), 6.79 (d, 
4H, J = 3.60 Hz, thiophene =CH-), 2.90 (t, 8H, 4 =CH-CH2-), 1.80 - 1.75 (m, 8H, -CH2-), 
1.49 - 1.37 (m, 24H, -CH2-), 0.98 (t, 12H, -CH3). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 
148.9, 132.7, 132.4, 131.1, 126.4, 124.4, 123.7, 120.6, 118.6 (pyrene and thiophene Cs), 
91.0, 89.8 (-C C-), 31.6, 31.5, 30.3, 28.8, 22.6, 14.1 (hexyl Cs). IR (KBr, cm-1) ν = 
669, 747, 772, 1207, 2399, 3014. MALDI-TOF MS: m/z = 963 [M]+. Elemental analysis 
calcd. for C64H66S4: C, 79.78; H, 6.90; S, 13.31. Found: C, 79.43; H, 7.50; S, 13.07.  
 
Synthesis of Compound 517  
 
 To a degassed solution of triethylamine (20 mL) and THF (20 mL) were added 4-
bromo-1-iodo-2-methylbenzene (0.6 g, 2.04 mmol), Pd(PPh3)2Cl2 (0.042 g, 0.02 mmol) 
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and CuI (0.006 g, 0.01 mmol). The reaction mixture was stirred at room temperature for 
19 h. After completion, the reaction mixture was evaporated to dryness and the crude 
solid was purified through column chromatography (hexane) to get the pure compound. 
Yield 0.364 g, 67 %. 1H NMR (300 MHz, CDCl3, δ ppm): 7.38 - 7.37 (m, 1H, 
BrC=CH=CH), 7.29 (s, 1H, BrC=CH=CCH3), 7.28 (d, 1H, J = 1.60 Hz, BrC=CH=CH), 
2.43 (s, 3H, -CH3), 0.30 (s, 9H, Si(CH3)3). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 142.5, 
133.3, 132.3, 128.6, 122.4, 121.9 (phenyl Cs), 102.9, 99.5 (-C C-), 20.4 (-CH3), 0.03 
(Si(CH3)3). 
 
Synthesis of Compound 6 
 
 To a degassed solution of 5 (0.16 g, 0.6 mmol) in diisopropylamine (7 mL) were 
added Pd(PPh3)2Cl2 (0.021 g, 0.03 mmol), CuI (0.006 g, 0.03 mmol) and 
triphenylphosphine (0.016 g, 0.06 mmol). After 15 minutes, a solution of 4 (0.127 g, 0.66 
mmol) in distilled THF (7 mL) was injected into the reaction mixture and kept it for 
stirring at 80 °C for 20 h. After completion, the reaction mixture was cooled to room 
temperature and evaporated to dryness. The crude product was purified through column 
chromatography (hexane) to get the pure compound. Yield 0.159 g, 70 %. 1H NMR (300 
MHz, CDCl3, δ ppm): 7.40 (d, 1H, J = 8.00 Hz, -CH=C-C C-TMS), 7.34 (s, 1H, -
C C-C=CH-C=CCH3), 7.25 (dd, 1H, J = 7.90 Hz, 1.1 Hz, -C C-C=CH-C=CH-), 
7.10 (d, 1H, J = 3.60 Hz, thiophene C=CH-), 6.68 (d, 1H, J = 3.40 Hz, thiophene C=CH-
), 2.80 (t, 2H, =CH-CH2-), 2.44 (s, 3H, -C=C-CH3), 1.70 - 1.63 (m, 2H, -CH2-), 1.34 - 
1.32 (m, 6H, 3 -CH2-), 0.92 (t, 3H, -CH2-CH3), 0.29 (s, 9H, Si(CH3)3). 13C NMR (CDCl3, 
75.5 MHz, δ ppm): 148.6, 140.6, 132.1, 132.0, 128.3, 124.2, 123.1, 122.8, 120.3, 
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(thiophene and phenyl Cs), 103.7, 100.1, 92.2, 84.7 (-C C-Ph-C C-), 31.5, 31.47, 
30.2, 28.7, 22.5, 14.0 (hexyl Cs), 20.4 (Ph-CH3), 0.02 (Si(CH3)3). EI-MS: m/z = 379 
[M]+. Elemental analysis calcd. for C24H30SSi: C, 76.13; H, 7.99; S, 8.47. Found: C, 
75.77; H, 8.34; S, 7.93. 
 
Synthesis of Compound 7 
 
 Anhydrous K2CO3 (0.078 g, 0.56 mmol) was added to a degassed solution of 6 
(0.107 g, 0.28 mmol) in methanol (10 mL) and stirred at room temperature for 12 h under 
dark. The reaction mixture was quenched with water and extracted with diethylether. The 
combined organic layer was dried over anhydrous Na2SO4 and evaporated to get the 
desired product (yield 0.081 g, 94 %). It was directly used in the next step without further 
purification. 
 
Synthesis of TM3 
   
  To a degassed solution of compound 1 (0.096 g, 0.19 mmol) in 
diisopropylamine (14 mL) were added Pd(PPh3)2Cl2 (0.008 g, 0.01 mmol), CuI (0.004 
g, 0.01 mmol) and triphenylphosphine (0.004 g, 0.02 mmol). After 15 minutes, a 
solution of 7 (0.324 g, 1.12 mmol) in distilled THF (14 mL) was injected into the 
reaction mixture and kept it for stirring at 80 °C for 30 h. After completion, the 
reaction mixture was cooled to room temperature and evaporated to dryness. The 
crude product was purified through column chromatography using hexane/DCM (3:2, 
v/v) to get red solid. Yield 0.164 g, 61 %. m. p. 133 °C.  1H NMR (300 MHz, CDCl3, 
δ ppm): 7.96 (s, 4H, pyrene =CH), 7.78 (s, 2H, pyrene =CH), 7.40 (d, 4H, J = 7.90 
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Hz, phenyl =CH-), 7.27 (s, 4H, phenyl =CH-), 7.23 (d, 4H, J = 9.10 Hz, phenyl =CH-
), 7.11 (d, 4H, J = 3.40 Hz, thiophene =CH- ), 6.66 (d, 4H, J = 3.60 Hz, =CH-), 2.80 
(t, 8H, =CH-CH2-), 2.47 (s, 12H, -C=C-CH3), 1.74 - 1.64 (m, 8H, -CH2-), 1.42 - 1.33 
(m, 24H, -CH2-), 0.92 (t, 12H, -CH2-CH3). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 
148.5, 140.0, 133.3, 132.2, 132.1, 131.9, 130.9, 128.5, 126.1, 124.2, 123.1, 122.8, 
120.6, 118.5 (pyrene, phenyl, thiophene Cs), 94.9, 93.5, 92.6, 84.9 (-C C-Ph-
C C-), 31.5, 30.3, 29.7, 28.8, 22.6, 14.1 (hexyl Cs), 20.9 (Ph-CH3). IR (KBr, cm-1) 
ν = 670, 753, 771, 1214, 2399, 3020. MALDI-TOF MS: m/z = 1421 [M+H]+. 
Elemental analysis calcd. for C100H90S4: C, 84.58; H, 6.39; S, 9.03. Found: C, 84.04; 
H, 7.23; S, 8.73. 
 
2.3. Results and Discussion 
2.3.1. Synthesis and Characterization   
 
Syntheses of the target compounds are depicted in Scheme 2.1. The molecules 
were synthesized by coupling 1,3,6,8-tetrabromopyrene (1) with different side arm units 
by Sonogashira and Suzuki coupling reactions. Exhaustive bromination of pyrene gave 
1,12 which was coupled to 5'-hexyl-2,2′-bithiophene-5-boronic acid pinacol ester to form 
the target compound TM1.11 The side arm of TM2 was synthesized from 2-n-
hexylthiophene. Monobromination of 2-n-hexylthiophene, followed by coupling with 
TMSA and desilylation formed the terminal acetylene (4). Further Sonogashira coupling 
of compound 4 with compound 1 resulted in TM2. The synthetic route for TM3 required 
regioselective Sonogashira coupling at different coupling sites. Hence, 4-bromo-1-iodo-
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2-methylbenzene was selected as starting material instead of 1,4-dibromo-2-
methylbenzene. Methyl group was introduced to enhance solubility. TMSA was 
selectively coupled to 4-bromo-1-iodo-2-methylbenzene at room temperature. Compound 
5 was coupled to previously synthesized intermediate 4 to generate compound 6. 
Desilylation followed by Sonogashira coupling with tetrabromopyrene formed target 
molecule TM3. The pure compounds appeared as red powder and were soluble in 
common organic solvents like chloroform, DCM and THF.  
Molecular structures of all target compounds and newly synthesized intermediates 
were confirmed with the help of NMR (1H, 13C), IR, MALDI-TOF mass spectrometry, 
elemental analysis and X-ray crystallography (only for target molecules). 
Characterization of the previously reported intermediates was done by comparing 1H and 
13C NMR data with published results. Two singlets with integration of four and two 
protons beyond 7.7 ppm indicate the formation of homo-tetrasubstituted pyrene 
derivative. Signals from thiophene protons appeared between 7.3 and 6.7 ppm. 13C NMR 
peaks between 89 and 95 ppm could be assigned to the acetylenic carbons of TM2 and 
TM3. MALDI-TOF mass spectra gave the molecular ion peaks at m/z 1196, 963 and 
1421 for TM1, TM2 and TM3, respectively. The molecular ion peaks were associated 
with peaks at one unit interval which could be due to the isotopic distribution of S- 
atoms. 
 
2.3.2. Crystal Structures  
 
Red coloured, needle shaped single crystals of TM1, TM2 and TM3 were 
obtained by diffusing methanol slowly into a solution of the compound dissolved in 
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DCM. X-ray crystallographic experiments were carried out at 100 K and all three systems 
showed flat pyrene core connected to twisted arms like a flying butterfly. 
Crystallographic data are listed in Table 2.1.  
 
Table 2.1. Crystallographic data for TM1, TM2 and TM3. 
 TM1 TM2 TM3 
Empirical formula C72 H74 S8 C64 H66 S4 C100 H90 S4 
Formula weight 1195.79 963.41 1419.96 
Color and shape Orange, needle Orange, needle Orange, needle 
Crystal system Monoclinic Triclinic Triclinic 
Space group P21/c P-1 P-1 
a (Å) 25.461(3) 12.8037(17) 7.4763(10) 
b (Å) 8.0562(9) 13.7606(18) 15.459(2) 
c (Å) 30.476(3) 15.334(2) 18.646(3) 
α (°) 90 95.526(3) 67.699(2) 
β (°) 103.587(3) 95.120(3) 79.665(3) 
γ (°) 90 98.118(3) 84.185(3) 
V (Å3) 6076.2(11) 2647.6(6) 1960.1(4) 
Z 4 2 1 
Dcalcd (Mg m-3) 1.307 1.208 1.203 
T (K) 100(2) 100(2) 100(2) 
Absorption coefficient 
(mm-1) 
0.338 0.219 0.170 
λ (Å) 0.71073 0.71073 0.71073 
Data / restraints / 
parameters 
10716 / 283 / 788 12127 / 58 / 684 8992 / 0 / 473 
GOF on F2 1.051 1.039 1.096 
Final R indices 
[I>2sigma(I)][a, b] 
R1 = 0.0617,    
wR2 = 0.1459 
R1 = 0.0474,    
wR2 = 0.1295 
R1 = 0.0578,   
wR2 = 0.1291 
R indices (all data)[a, b] R1 = 0.0940,    
wR2 = 0.1650 
R1 = 0.0576,    
wR2 = 0.1376 
R1 = 0.0749,   
wR2 = 0.1371 
[a] R1 = Σ||Fo| - |Fc||/Σ|Fo|.  [b] wR2 = [Σw(Fo2 - Fc2)2/Σw(Fo2)2]1/2. 
 
 
The crystal structure of TM1 is shown in Figure 2.2. It crystallized in a 
monoclinic system similar to tetrathienyl pyrene.18 It suggests that introduction of one 
more thienyl unit between pyrene core and peripheral thiophene does not have significant 
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effect on crystal packing. The four thienyl rings are twisted around C1-C17, C4-C31, 
C14-C59 and C16-C45 in opposite directions.  
 
Figure 2.2. Crystal structure of TM1. (a) Molecular structure viewed approximately 
along b axis, carbon - grey, hydrogen – white and sulfur – yellow. (b) The packing 
structure and relative orientations of the molecules viewed approximately along b axis. 
The H- atoms are omitted for clarity. Areas highlighted with similar color represnts area 




The torsion angles between bithiophene and pyrene planes are 40.5°, -38.8°, 36.2° and -
154.3° (Figure 2.2.a). As shown in Figure 2.2.b, two adjacent molecules slip-stacked face 
to face along b axis to form dimer. The interplanar distance between two pyrene  units is 
3.5 Å and dimers stack cofacially along b axis with weak non-bonding interaction with 
the adjacent dimer. The distance between two adjacent dimer is 4.3 Å.  
The crystal structure of TM2 is shown in Figure 2.3. It crystallized in a triclinic 
space group. Among four side chain thiophene groups, two are almost coplanar with 
pyrene ring with torsional angle of -9.06° (C18-C19) and 3.73° (C30-C31) whereas, the 
other two are twisted around the pyrene core with torsional angle of -162.51° (C42-C43), 
164.40° (C54-C55). Surprizingly, no π-π stacking was observed between the adjacent 
molecules. The crystal structure is stabilized with weak non-bonding interactions and 
packing of hexyl chains. Adjacent molecules are oriented parallaly with lateral shift of  





Figure 2.3. Crystal structure of TM2. (a) Molecular structure viewed along c axis, 
carbon - grey, hydrogen – white and sulfur – yellow. (b) Packing along c axis viewed 
from ab plane. The hydrogen atoms are omitted for clarity. 
 
 
The crystal structure of TM3 are shown in Figure 2.4. Similar to TM2, the molecules 
pack in a triclinic lattice with side arms twisted in opposite directions. The torsion angles 
between phenyldiacetylene and pyrene planes are 8.2° (C1-C9) and 155.4° (C5-C30) 
(Figure 2.4.a). The molecules showed slip-stacked (lateral shift of 6.6 Å) face-to-face 
molecular packing uniformly along c axis. It resulted in cofacial π-π overlap between 
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pyrene and the phenyl ring of the second molecule with the minimum interplanar distance 
of 3.4 Å (Fig. 2.4b). This motif is expected to result in efficient charge transport property 
by allowing considerable intermolecular π-π overlap,19 although no direct overlap 
between the pyrene rings of the adjacent molecules was observed. 
 
  
Figure 2.4. Crystal structure of TM3. (a) Molecular structure viewed along c axis,  
carbon - grey, hydrogen – white and sulfur – yellow. (b) Molecular packing along c axis 
viewed from ac plane. Areas highlighted with similar color in adjacent molecules 
represnts the area of π- overlap. The hydrogen atoms are omitted for clarity. 
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Among all three molecules in the series, TM1 involves strong π-π interaction 
between the central pyrene moieties of the adjacent molecules. On the other hand, TM3 
shows π-π interaction of pyrene ring with the phenyl moieties of the other adjacent 
molecules. But, TM2 shows very weak interaction between the adjacent molecules. 
However, all packing described is in the solid state. The above measurements may not be 
applicable for the molecules in solution phase. 
 
2.3.3. Thermal Properties  
 
Thermogravimetric analyses were performed for the synthesized derivatives to 
evaluate thermal stability (Figure 2.5). 
  










Temperature (οC)  
Figure 2.5. TGA thermograms of  TM1 (○), TM2 (◊), TM3 (☆). 
 
TM1 was found to have maximum thermal stability upto 380 °C, whereas TM2 and 
TM3 started decomposing at 262 and 160 °C, respectively. The direct C-C linkage 
between pyrene and thiophene units in TM1 imparts the extra stability. The structures 
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become gradually unstable on successive introduction of  acetylene and diacetylene units 
between pyrene and thiophene in TM2 and TM3. The residual mass observed at 800 °C 
may be attributed to the char formation from the fused ring systems of the pyrene core. 
 
2.3.4. Optical Properties 
 
Optical properties of the target compounds were studied in both solution and solid 
state using 10-5 M solution in chloroform and dropcasted films on quartz plates, 
respectively. The results obtained are summarized in Table 2.2. Optical band gaps of the 
derivatives, determined at onset absorption peaks, were found to be in the range of 2.36 
to 2.42 eV. This confirms significant photostability of the derivatives.20 The absorption 
and emisison spectra of all compounds in solution and solid state are presented in Figure 
2.6. Comparison between the synthesized derivatives and underivatized pyrene revealed 
significant differences in the spectral features. 
In solution, a distinct splitting pattern was observed for absorption and emission 
spectra of unsubstituted pyrene (Figure 2.6.a, 2.6.b) whereas, the target compounds gave 
broad, featureless spectra. Absorption wavelengths of the target compounds (λabs = 453 – 
495 nm) showed bathochromic shifts compared to unsubstituted pyrene (λabs = 335 nm). 
This can be attributed to the extended conjugation between pyrene and the side chains.15 
The bathochromic shift was more for TM3 (160 nm) and TM2 (155 nm) as compared to  
TM1 (118 nm). This may be due to the effective conjugation of ethynyl linkage in TM3 
and TM2 as compared to the direct C-C linkage between pyrene and thiophene in TM1. 
Almost similar optical features of TM3 and TM2 implies that introduction of more than 
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one acetylene unit between pyrene and peripheral thiophene has marginal effect on 
conjugation in solution. 
 
 
Figure 2.6. Absorption (a, c) and emission (b, d) spectra of pyrene (-), TM1 (○), 
TM2 (◊), TM3 (☆) in chloroform (10-5 M, 28 °C) (a, b) and dropcasted film (c, d).  
 
Similar trend of bathochromic shift was observed in emission spectra. Red shifted 
emission was observed for the target compounds (λem = 536 - 555 nm) as compared to 
pyrene (λem = 395 nm). It was noted that TM2 and TM3 have smaller Stokes shifts 
compared to TM1, which may be due to rigid ground state of TM2 and TM3 than TM1. 











































The solution state quantum yields of the oligomers were measured using quinine sulfate 
as standard and results showed lower quantum yield for TM1 (0.20) than that of TM2 
(0.55) and TM3 (0.63). Presence of acetylene unit may account for such observation. 
Comparison of optical data of the target compounds with that of tetrathienylpyrene (λabs = 
404 nm)18 clearly indicates the influence of spacer. The absorption maxima of the 
synthesized compounds are red shifted (∼ 90 nm) by the introduction of spacers between 
pyrene and peripheral thiophenes.   
 
Table 2.2. Optical properties of TM1 – TM3.  












































aSolutions were made in chloroform with a concentration of  10-5 M; 
bThin films were pepared by dropcasting concentrated solution of the compounds on 
quartz plate at room temperature;  
cBandgap, Eg = hc/λonset , where h = Planck’s constant, c = velocity of light. 
 
Solvatochromism of the derivatives were evaluated by recording UV-Vis absorption and 
emission spectra in various solvents with different polarity (1,4-dioxane < chloroform < 
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THF < DMF). No considerable shifts in absorption and emission wavelengths were found 
which signifies absence of intramolecular charge transfer (ICT) between the peripheral 
thiophenes and pyrene core.21  
In thin films, the absorption - emission bands of the synthesized fluorophores 
were red shifted as compared to those in solution which may be attributed to strong 
intermolecular interaction due to closer packing of the molecules in solid state.22 Unlike 
in solution, the absorption maxima of TM2 and TM3 were found to be different in thin 
film. It is conceivable that, the free rotation around acetylene bond is restricted in the 
solid state, which forces the molecules to be comparatively rigid and conjugated. Thus, 
the enhanced conjugation through additional acetylene bond in TM3 becomes profound 
and results in red shifted absorption maxima as compared to TM2.  
 
2.3.5. Electrochemical Properties 
 
Cyclic voltammograms of the synthesized compounds were obtained as thin films 
on ITO coated glass substrate (Figure 2.7). The samples were scanned within a potential 
range of -2 to +2 V with a scanning rate of 100 mV s-1. The results of the CV experiments 
are listed in Table 2.3. TM1 showed two oxidation peaks whereas, TM2 and TM3 
showed one oxidation peak each. The existence of the second oxidation peak in TM1 
may be due to the wide spread π-framework over eight peripheral thienyl groups.9b The 
first oxidation potentials of the fluorophores were found to follow the order TM1 < TM2 
< TM3. Since the first oxidation potential of a molecule represents the ease of oxidation, 
the above trend reflects TM1 to be better electron donor and easily oxidisable. Presence 
of more number of thienyl groups in TM1 may account for it. HOMO energy levels 
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(EHOMO) of the target molecules were calculated from the half-wave oxidation 
potentials.23 Among the three compounds, TM3 has the most negative EHOMO, which 
indicates it to be the most elecrochemically stable compound in the series.7e The 
reduction waves were not detectable within the scan range. Therefore, the LUMO energy 




Figure 2.7. Cyclic voltammograms of  TM1 (○), TM2 (◊), TM3 (☆). CV were recorded 
as thin films (∼ 100 nm) on ITO in a solution of n-Bu4NPF6 in acetonitrile (0.1 M) at a 
scan rate of 100 mV s-1.  
 
 













































Table 2.3. Electrochemical properties of TM1 – TM3.  
 EOXa (V) EOX1/2b (V) EHOMOc (eV) ELUMOd (eV) 
TM1 0.92, 1.66 0.80 -5.10 -2.68 
TM2 1.56 1.26 -5.56 -3.16 
TM3 1.59 1.29 -5.59 -3.23 
a Peak value of the oxidation wave; 
b Half-wave oxidation potential; 
cEHOMO = -(4.3 + Eox1/2) eV,23  
dELUMO = (EHOMO + Eg) eV. 
 
2.3.6. Surface Morphology 
 
The surface topology of the thin films of the target compounds was studied in 
various solvents under different thermal conditions. Tapping mode AFM images of TM1 
in different solvents and temparture are shown in Figure 2.8. It was found that use of high 
boiling solvents like DCB leads to uniform deposition of the compound (rms roughness ∼ 
3 nm) as compared to low boiling solvent such as chloroform (rms roughness ∼ 17 nm). 
Marginal increase in roughness was observed after post deposition annealing of the films 
in air at 70 °C for 30 minutes, roughness of the aforementioned films increased to ∼ 6 nm  
and  ∼ 18 nm, respectively. Observed changes in the surface topology with solvent and 
temperature can be explained in terms of surface-molecule, molecule-molecule and 
solvent-molecule interactions. It is known that a stronger molecule-molecule interaction 
as compared to surface-molecule interaction leads to island mode growth whereas, 
stronger surface-molecule interaction generates layer-by-layer deposition.7c Polar 
molecules of TM1 prefer to interact among themselves rather than with nonpolar ITO 
surface. This leads to the formation of granular structrures on the surface. Film forming 
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property of TM2 and TM3 were found to be poor under similar conditions. Big clusters 




Figure 2.8. AFM images of spincoated films of TM1. (a) DCB, 30 °C (b) DCB, 70 °C 




 A series of pyrene-thiophene based butterfly shaped compounds have been 
successfully synthesized and characterized. The photophysical and electrochemical 
properties of the target molecules are studied in detail. The structure of the spacer 
connecting pyrene to peripheral thiophene units is found to have significant contribution 
on physical properties. Introduction of more number of acetylene units as spacer results 
in lower band gap, higher fluorescence quantum yield and more negative EHOMO, but poor 
thermal stability and film forming property. The results are significant for designing new 
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materials for photovoltaic applications with optimum properties. Preparation and 
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 3.1. Introduction 
 
Synthesis of structurally versatile π- conjugated polymers is interesting owing to 
their extensive use in technologies such as LED displays,1-6 molecular electronics,7-11 
sensors12,13 and lasers.14 Developing new fluorescent polymers with interesting properties 
such as higher quantum efficiency, charge transfer mobility, thermal stability, solubility 
and ease of processiblity allows us to explore interesting applications. All these physical 
properties can be manipulated through proper molecular design. 
Poly(phenyleneethynylene) is one of the well explored class of fluorescent conjugated 
polymers.15 Structure-property relationship of homopolymers16 and copolymers17,18 of 
poly(p-phenyleneethynylene) are reported in literature. Chemical nature and shape of 
backbone influence the physical properties of polymers. It is found that introduction of 
kinks or twists on the polymer chain reduces the stiffness and enhances the processibility. 
For example, incorporation of 2,5-thienylene19 and m-phenylene18 groups in poly(p-
phenyleneethynylene) systems enhances the flexibility and processibility of the resulting 
polymers by introducing a twist of 143° and 120° to the polymer backbone. Pyrene may 
be considered as a rigid unit to influence the backbone and enhance the fluorescence 
properties. Pyrene is one of the interesting fluorophores to show high quantum yield, 
longer fluorescence life time, high thermal stability and significant π- stacking ability in 
solution or solid state. Moreover, pyrene offers the possibility of incorporating interesting 
structural features to the polymer backbone due to easy functionalization at various 
positions. It is conceivable that selective functionalization of pyrene at 1,8- positions (cis-
) introduces a kink of 63° on the polymer backbone whereas, functionalization at 1,6- 
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positions (trans-) gives a linear polymer. Polymers with pendant pyrene moieties are 
common,20-22 but, only a few polymers and oligomers with pyrene incorporated on the 
polymer backbone are known in literature.23-25  
 In this work, synthesis and characterization of a series of conjugated 
poly(pyreneethynylene)s are reported, where diethynylpyrene is copolymerized with 
various spacer units, such as alkoxybenzene, carbazole and fluorene (Figure 3.1). The 
shapes of the polymer backbones are controlled by using 1,6- and 1,8- disubstitution on 
the pyrene moieties. Synthesized polymers are named as cisoid- (POLY1, POLY3, 
POLY5) or transoid- (POLY2, POLY4, POLY6) depending on different mode of 
functionalization (1,8- vs 1,6-) on pyrene. Unlike the reported phenylene based 
systems,16,18 both cisoid- and transoid- have strong π- conjugation. Thus the system 
allows us to investigate solely the effect of shape on the properties of the polymers. In 





Figure 3.1 Structure of the target compounds (POLY1 – POLY6 and TM4 – TM5). 
 
3.2. Experimental Section 
3.2.1. Materials and Methods 
   
All reagents were purchased from commercial sources and used without further 
purification unless otherwise stated. THF was purified by distillation over sodium under 
nitrogen atmosphere. The 1H and 13C NMR spectra were collected on a Bruker ACF 300 
spectrometer operating at 300 and 75.5 MHz, respectively. CDCl3 was used as solvent 
with tetramethylsilane as internal standard. FT-IR spectra were recorded using BIO-RAD 
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FT-IR spectrophotometer. MALDI-TOF mass spectra of the compounds were recorded 
using Bruker Deltronix Autoflex ІІ instrument. Solution of 1,8,9-trihydroxyanthracene 
(0.1 M) and 2,5-dihydroxybenzoic acid (0.1 M) in THF were used to prepare the matrix. 
Molecular weight of the polymers was determined using Shimadzu LC vt 10AT gel 
permeation chromatography (GPC) instrument equipped with UV and refractive index 
(RI) detectors connected in series, polystyrene as standard and THF as an eluent at a flow 
rate of 0.3 mL/min. UV-Vis spectra were recorded using a Shimadzu 3101 PC 
spectrophotometer and fluorescence measurements were made on a RF-5301PC 
Shimadzu spectrofluorophotometer. The quantum yields of the synthesized compounds in 
DCM were measured using quinine sulfate (0.1 M H2SO4) as a reference.26 The 
chromaticity of the compounds was measured using chromameter CS 100 A. The 
electrochemical behavior of the compounds was investigated with cyclic voltammetry 
(CV). CV experiments were performed using an Autolab potentiostat (model 
PGSTAT30) by Echochimie and data recorded in acetonitrile with 0.1 M 
tetrabutylammonium hexafluorophosphate as supporting electrolyte (scan rate of 100 mV 
s-1). The experiments were performed at room temperature with a conventional three 
electrode configuration consisting of an ITO working electrode, a platinum counter 
electrode, and Hg/Hg2Cl2 in 3 M KCl as reference electrode. Thermogravimetric analyses 
(TGA) were done on a TA-SDT 2960 at a heating rate of 10 ºC/min under nitrogen 
atmosphere. Differential scanning calorimetry (DSC) thermograms were recorded using a 
TA-DSC 2920 at a heating rate of 10 °C min-1 under nitrogen atmosphere. Scanning 
electron microscopic (SEM) images were recorded in JEOL JEM - 6010 F field emission 
scanning electron microscope. Atomic force microscopy (AFM) experiment was 
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performed at room temperature using a commercial AFM Nanoscope IV (Dimension 
3100, Digital Instruments) in the tapping mode. The samples for SEM and AFM 
experiments were prepared by evaporating a few drops of toluene solution of the 




 Compounds 3,27,28 5,29 7,30 8a, 8b, 9a, 9b, 10a and 10b31 were prepared using 
reported procedures.  
 
3.2.2.1. General Synthetic Procedure for Sonogashira Polymerization 
 
 To a degassed solution of freshly distilled THF and triethylamine, 
dihalocompound (3 or 5 or 7), CuI, PPh3 and Pd(PPh3)2Cl2 were added under nitrogen 
atmosphere. The terminal acetylene was added to the stirred solution at 55 °C (for 3) 
or 80 °C (for 5 and 7) and the heating was continued for 5 days under nitrogen 
atmosphere. After cooling, the reaction mixture was added dropwise to a methanol-
water mixture (98:2). The precipitated polymer was filtered and purified by 
reprecipitation from methanol. 
 
Synthesis of POLY1 
  
 3 (0.56 g, 0.80 mmol), Pd(PPh3)2Cl2 (0.028 g, 0.04 mmol), CuI (0.016 g, 0.08 
mmol), PPh3 (0.042 g, 0.16 mmol), 10a (0.2 g, 0.80 mmol), triethylamine (15 mL), 































































Scheme 3.1. Synthesis of the target compounds (POLY1 – POLY6 and TM4 – TM5). 
(a) K2CO3, acetone, 1-dodecylbromide, N2, reflux, 3 d. (b) I2 / KIO3, HOAc, H2SO4, H2O, 
room temperature to reflux, 6 h. (c) I2 / KIO3, HOAc, H2SO4, H2O, reflux, 6 h. (d) 
Tetrabutylammonium bromide, 50 % NaOH, 1-bromododecane, toluene, 70 °C, 24 h. (e) 
NBS, DCM, 0 °C to room temperature, 6 h. (f) triethylbenzylammonium chloride, 1-
bromododecane, 50 % NaOH, 60 °C, 12 h (g) I2 / KIO3, HOAc, H2SO4, H2O, 40 °C, 4 h. 
(h) 2-methylbut-3-yn-2-ol, Et3N, Pd(PPh3)2Cl2, CuI, 50 °C, 20 h. (i) NaOH, toluene, 
reflux, 3 h. (j) THF, Et3N, Pd(PPh3)2Cl2, CuI, PPh3, 55 °C, 24 h. (k) THF, Et3N, 
Pd(PPh3)2Cl2, CuI, PPh3, 55 °C, 5 d. (l) THF, Et3N, Pd(PPh3)2Cl2, CuI, PPh3, 80 °C, 5 d. 
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1H NMR (300 MHz, CDCl3, δ ppm): 8.98 - 8.08 (pyrene and phenyl Hs), 4.22 (-O-
CH2-), 4.10 (-O-CH2-), 2.08 - 0.77 (alkyl Hs). 13C NMR (75.5 MHz, CDCl3, δ ppm): 
153.8, 132.3, 131.4, 130.7, 129.7, 128.8, 127.8, 126.7, 125.1, 124.3, 118.8, 116.4, 
115.8, 114.2, (pyrene and phenyl –CH-), 94.6, 92.8, (-C C-), 69.6, 68.1, 38.9, 32.0, 
29.8, 29.4, 26.4, 23.8, 22.7, 14.2, 10.7. IR (KBr, cm-1) ν = 2923, 2849, 2364, 2200, 
1596, 1562, 1511, 1465, 1380, 1278, 1215, 1032, 850, 724. 
 
Synthesis of POLY2 
 
 3 (0.392 g, 0.56 mmol), Pd(PPh3)2Cl2 (0.02 g, 0.03 mmol), CuI (0.012 g, 0.06 
mmol), PPh3 (0.03 g, 0.12 mmol), 10b (0.138 g, 0.56 mmol), triethylamine (10 mL), 
THF (20 mL). Yield 0.35 g, 66 %. 1H NMR (300 MHz, CDCl3, δ ppm): 8.89 - 7.87 
(pyrene and phenyl Hs), 4.22 - 3.92 (-O-CH2-), 1.58 - 0.86 (alkyl Hs). 13C NMR (75.5 
MHz, CDCl3, δ ppm): 154.0, 132.0, 130.9, 129.6, 128.8, 127.9, 126.8, 125.0, 124.2, 
118.9, 116.3, 115.8, 114.2, 113.8, (pyrene and phenyl –CH-), 94.6, 92.6, (-C C-), 
69.6, 68.2, 38.8, 31.9, 29.7, 29.3, 26.4, 26.3, 26.1, 22.6, 14.1, 10.7. IR (KBr, cm-1) ν = 
2974, 2923, 2854, 2354, 2205, 1727, 1465, 1271, 1209, 845. 
 
Synthesis of POLY3 
 
 5 (0.986 g, 2.00 mmol), Pd(PPh3)2Cl2 (0.07 g, 0.10 mmol), CuI (0.038 g, 0.20 
mmol), PPh3 (0.105 g, 0.40 mmol), 10a (0.5 g, 2.00 mmol), triethylamine (30 mL), 
THF (60 mL). Yield 0.68 g, 30 %. 1H NMR (300 MHz, CDCl3, δ ppm): 8.86 - 7.39 
(pyrene and carbazole Hs), 4.24 - 4.19 (-N-CH2-), 1.83 - 0.87 (alkyl Hs). 13C NMR 
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(75.5 MHz, CDCl3, δ ppm): 140.4, 139.3, 131.7, 130.0, 129.7, 129.0, 128.8, 128.6, 
128.5, 128.4, 127.7, 127.6, 126.4, 126.3, 125.0, 124.3, 124.2, 123.4, 123.3, 123.2, 
122.0, 121.9, 119.0, 114.0, 112.2, 111.9, 110.4, 109.1, (pyrene and carbazole –CH-), 
96.9, 87.2, (-C C-), 43.3, 31.9, 29.6, 29.51, 29.47, 29.43, 29.3, 28.8, 27.2, 27.1, 
22.7, 14.1. IR (KBr, cm-1) ν = 3488, 3427, 2916, 2854, 2191, 1878, 1589, 1466, 1357, 
1281, 1217, 1141, 1048, 849, 801, 711. 
 
Synthesis of POLY4 
 
 5 (0.315 g, 0.64 mmol), Pd(PPh3)2Cl2 (0.023 g, 0.03 mmol), CuI (0.013 g, 0.06 
mmol), PPh3 (0.034 g, 0.13 mmol), 10b (0.16 g, 0.64 mmol), triethylamine (25 mL), 
THF (50 mL). Yield 0.23 g, 48 %. 1H NMR (300 MHz, CDCl3, δ ppm): 8.79 - 7.43 
(pyrene and carbazole Hs), 4.30 - 4.21 (-N-CH2-), 1.82 - 0.85 (alkyl Hs). 13C NMR 
(75.5 MHz, CDCl3, δ ppm): 139.4, 139.3, 131.7, 131.1, 130.0, 129.8, 129.0, 128.8, 
128.5, 128.4, 127.6, 126.4, 125.0, 124.2, 123.4, 123.2, 122.0, 119.0, 114.0, 112.2, 
111.9, 110.4, 109.1, (pyrene and carbazole –CH-), 96.9, 87.2, (-C C-), 43.3, 31.9, 
29.6, 29.51, 29.47, 29.4, 29.3, 28.9, 28.8, 27.21, 27.19, 22.6, 14.1. IR (KBr, cm-1) ν = 
3443, 3038, 2918, 2855, 2191, 1887, 1589, 1481, 1358, 1280, 1220, 1142, 1064, 956, 
849, 724. 
 
Synthesis of POLY5 
 
 7 (0.66 g, 1.00 mmol), Pd(PPh3)2Cl2 (0.035 g, 0.05 mmol), CuI (0.019 g, 0.10 
mmol), PPh3 (0.052 g, 0.20 mmol), 10a (0.25 g, 1.00 mmol), triethylamine (30 mL), 
THF (60 mL). Yield 0.53 g, 58 %. 1H NMR (300 MHz, CDCl3, δ ppm): 8.91 - 7.44 
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(pyrene and fluorene Hs), 2.12 - 0.82 (alkyl Hs). 13C NMR (75.5 MHz, CDCl3, δ 
ppm): 153.3, 152.6, 151.4, 150.6, 141.0, 140.6, 139.4, 139.0, 131.9, 131.8, 131.4, 
131.1, 130.2, 130.0, 128.5, 128.0, 126.5, 126.2, 126.0, 125.2, 124.3, 122.2, 121.7, 
121.4, 121.1, 120.2, 119.9, 118.7, (pyrene and fluorene –CH-), 96.7, 89.0, (-C C-), 
55.6, 53.4, 40.3, 40.1, 31.9, 30.0, 29.6, 29.3, 23.8, 23.6, 22.6, 14.1. IR (KBr, cm-1) ν = 
3429, 3037,  2917, 2855, 2191, 1878, 1589, 1451, 1249, 1189, 1110, 1065, 1003, 833, 
710.  
 
Synthesis of POLY6 
 
 7 (0.423 g, 0.64 mmol), Pd(PPh3)2Cl2 (0.023 g, 0.03 mmol), CuI (0.013 g, 0.06 
mmol), PPh3 (0.034 g, 0.13 mmol), 10b (0.16 g, 0.64 mmol), triethylamine (25 mL), 
THF (50 mL). Yield 0.31 g, 53 %. 1H NMR (300 MHz, CDCl3, δ ppm): 8.80 - 7.43 
(pyrene and fluorene Hs), 2.03 - 0.66 (alkyl Hs). 13C NMR (75.5 MHz, CDCl3, δ 
ppm): 153.3, 151.4, 150.6, 141.0, 139.5, 132.0, 131.9, 131.7, 131.2, 131.0, 130.1, 
130.0, 128.5, 128.4, 128.2, 126.3, 126.0, 125.6, 125.2, 124.3, 122.1, 121.7, 121.4, 
120.2, 119.9, 118.7, (pyrene and fluorene –CH-), 96.8, 89.1, (-C C-), 55.6, 55.5, 
53.4, 40.3, 40.1, 31.9, 30.1, 30.0, 29.6, 29.3, 23.8, 22.7, 14.1 (-CH2). IR (KBr, cm-1) ν 
= 3426, 3037, 2916, 2855, 2191, 1887, 1605, 1466, 1252, 1187, 1065, 1002, 895, 834, 
726. 
 
3.2.2.2. Synthesis of Compound 2 
  
 1 (0.38 g, 0.85 mmol), KIO3 (0.036 g, 0.17 mmol) and I2 (0.119 g, 0.47 mmol) 
were added to a mixture of acetic acid (10 mL), H2SO4 (0.1 mL) and water (1 mL). 
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The mixture was gradually brought to reflux and continued refluxing for 6 h. After 
cooling the reaction mixture to room temperature, the unreacted iodine was quenched 
using 20 % aqueous Na2S2O3. The precipitate was collected and washed with water. 
The air dried solid was purified by column chromatography using hexane as the 
eluent. The pure compound was obtained as colorless semisolid with 32 % yield 
(0.156 g). 1H NMR (300 MHz, CDCl3, δ ppm): 7.32 (1H, d, J = 2.94 Hz, I-C-CH), 
6.83 (1H, dd, J = 2.94 Hz and 8.88 Hz, I-C-C-CO-CH-), 6.72 (1H, d, J = 8.88 Hz, I-
C-CO-CH-), 3.93 (2H, t, -O-CH2-), 3.87 (2H, t, -O-CH2-), 1.84 – 0.90 (40H, m, alkyl 
Hs), 0.88 (6H, t, -CH3). 13C NMR (75.5 MHz, CDCl3, δ ppm): 153.8 (-O-C-CH-), 
152.2 (-O-C-CH-), 125.4 (-CH-), 115.4 (-CH-), 113.1 (-CH-), 87.0 (I-C-CH-), 70.2 (-
O-CH2-), 68.8 (-O-CH2-), 31.9, 29.6, 29.5, 29.3, 29.2, 26.1, 26.0, 22.7, 14.1 (alkyl 
Cs). EI-MS: m/z = 573 [M]+. Elemental analysis calcd. for C30H53IO2: C, 62.92; H, 
9.33. Found: C, 62.39; H, 9.86. 
 
3.2.2.3. General Synthetic Procedure for Sonogashira Coupling Reaction 
  
 To a degassed solution of freshly distilled THF and triethylamine, 2, CuI, PPh3 
and Pd(PPh3)2Cl2 were added under a continuous nitrogen flow. Diethynylpyrene (10a 
or 10b) was added to the stirred solution at 55 °C and the heating was continued for 
24 h under nitrogen atmosphere. The solvent was removed completely under vacuum 






Synthesis of TM4 
 
2 (0.189 g, 0.33 mmol), Pd(PPh3)2Cl2 (0.005 g, 0.01 mmol), CuI (0.003 g, 0.01 
mmol), PPh3 (0.008 g, 0.03 mmol), triethylamine (10 mL), THF (20 mL), 10a (0.033 g, 
0.13 mmol). Column chromatography using 4:1 hexane/DCM. Yield 0.092 g, 61 %. 1H 
NMR (300 MHz, CDCl3, δ ppm): 8.93 (2H, s, pyrene -CH-), 8.23 - 8.04 (6H, m, pyrene -
CH-), 7.22 (2H, s, phenyl -CH-), 6.90 (4H, s, phenyl -CH-), 4.11 (4H, t, -O-CH2-), 3.98 
(4H, t, -O-CH2-), 2.03 - 1.07 (80H, m, alkyl Hs), 0.92-0.83 (12H, m, -CH3). 13C NMR 
(75.5 MHz, CDCl3, δ ppm): 154.4 (-O-C-CH-), 152.9 (-O-C-CH-), 132.0, 131.2, 129.7, 
127.8, 126.7, 124.9, 124.2, 119.0, 118.4, 116.5, 113.8, 113.6, (pyrene and phenyl –CH-), 
92.6, 92.4 (-C C-), 69.7, 68.8 (-O-CH2-) 31.9, 31.8, 29.69, 29.64, 29.55, 29.53, 29.46, 
29.42, 29.36, 29.3, 26.3, 26.1, 22.7, 22.6, 14.1 (alkyl Cs). IR (KBr, cm-1) ν = 2955, 2921, 
2854, 2363, 2336, 2196, 1644, 1488, 1466, 1377, 1304, 1276, 1220, 1159, 1026, 853, 
797, 758, 724. MALDI-TOF MS: m/z = 1141 [M + H]+. Elemental analysis calcd. for 
C80H114O4: C, 84.30; H, 10.08. Found: C, 84.02; H, 10.51. 
 
Synthesis of TM5 
 
2 (0.189 g, 0.33 mmol), Pd(PPh3)2Cl2 (0.005 g, 0.01 mmol), CuI (0.003 g, 0.01 
mmol), PPh3 (0.008 g, 0.03 mmol), triethylamine (10 mL), THF (20 mL), 10b (0.033 g, 
0.13 mmol). Column chromatography using 41:9 hexane/DCM. Yield 0.106 g, 70 %. 1H 
NMR (300 MHz, CDCl3, δ ppm): 8.86 (2H, d, J = 9.03 Hz, pyrene -CH-), 8.22 - 8.11 
(6H, m, pyrene -CH-), 7.20 (2H, s, phenyl -CH-), 6.90 (4H, d, J = 1.32, phenyl -CH-), 
4.12 (4H, t, -O-CH2-), 3.98 (4H, t, -O-CH2-), 2.05 - 1.17 (80H, m, alkyl Hs), 0.90 - 0.82 
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(12H, m, -CH3). 13C NMR (75.5 MHz, CDCl3, δ ppm): 154.4 (-O-C-CH-), 152.8 (-O-C-
CH-), 132.2, 131.1, 129.6, 127.9, 126.7, 125.0, 124.3, 118.9, 118.4, 116.6, 113.6, 113.4 
(pyrene and phenyl -CH-), 92.6, 92.3 (-C C-), 69.6, 68.8, 31.9, 31.8, 29.6, 29.43, 
29.40, 29.35, 29.32, 26.2, 26.1, 22.68,22.66, 14.1 (alkyl Cs). IR (KBr, cm-1) ν = 2957, 
2917, 2849, 2359, 2335, 2205, 1602, 1505, 1471,1408, 1397, 1323, 1289, 1272, 1221, 
1164, 1146, 1044, 1026, 850, 816, 776, 719. MALDI-TOF MS: m/z = 1141 [M + H]+. 
Elemental analysis calcd. for C80H114O4: C, 84.30; H, 10.08. Found: C, 83.97; H, 10.33. 
 
3.3. Results  
3.3.1. Synthesis and Characterization 
 
 Syntheses of the target compounds are illustrated in Scheme 3.1. 1,8- or 1,6-
Diethynylpyrene (10) was polymerized with dihaloderivatives of phenyl, carbazole 
and fluorene under Sonogashira coupling conditions. Dihaloderivatives were 
synthesized following reported procedures with or without modifications. 
Diiodination of pyrene, followed by coupling with 2-methylbut-3-yn-2-ol generated 
the mixture of 9a and 9b. These two isomers were separated owing to high degree of 
intermolecular H-bonding in 9b, which allowed it to precipitate out immediately from 
a DCM solution. Terminal acetylene groups were deprotected using sodium hydroxide 
in boiling toluene. Coupling of 10a and 10b to 3, 5 and 7 generated the series of 
target polymers. Compounds 10a and 10b were coupled to the monoiododerivative 2 
to synthesize two model compounds TM4 and TM5. All polymers were red in colour 
whereas, oligomers were yellow in colour. Solubility of the synthesized compounds 
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were checked in common organic solvents, e.g. cyclohexane, DCM, chloroform, THF, 
acetonitrile and DMSO, with the compounds showing maximum solubility in DCM, 
chloroform and THF. In general, cisoid- polymers (POLY1, POLY3 and POLY5) 
were more soluble as compared to their transoid- counter parts (POLY2, POLY4 and 
POLY6). 
 Full characterization of the compounds was accomplished with NMR, IR, 
MALDI-TOF mass spectrometry and GPC (for polymers). Though 1H NMR spectra 
of the polymers were not well resolved as compared to the model compounds, the 
regions for characteristic peaks could be identified. NMR signals of aromatic protons 
of pyrene and associated phenyl/carbazole/fluorene units appeared between 8.9 and 
7.4 ppm. Signal for alkyl protons were observed between 2.0 and 0.8 ppm whereas, 
alkyl protons connected to oxygen or nitrogen atoms shifted to a lower field (4.3 – 3.9 
ppm).  
 
Table 3.1. Molecular weight and TGA data of target compounds (POLY1 – POLY6 
and TM4 – TM5).  
Polymer Mwa Mna PDIa Mass of repeat unit DPnb T5c (°C) 
POLY1 18,700 11,900 1.6 692 17 234 
POLY2 12,400 9,800 1.3 692 14 222 
POLY3 12,600 9,000 1.4 581 15 300 
POLY4 11,600 8,400 1.4 581 14 277 
POLY5 11,900 8,600 1.3 748 12 329 
POLY6 12,300 8,200 1.5 748 11 310 
TM4 - 1141d - - - 338 
TM5 - 1141d - - - 344 
aDetermined by GPC using polystyrene standard; 
bNumber average degree of polymerization; 
cTemperature corresponding to 5% weight loss; 
d[M+H]+ determined by MALDI-TOF mass spectrometry. 
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GPC was used to estimate the molecular weight of the polymers. Weight average and 
number average molecular weights along with PDI are listed in Table 3.1. 
 
3.3.2. Thermal Properties  
 
 Thermogravimetric analyses were done for all target compounds. The detailed 
findings are listed in Table 3.1. All polymers showed similar trend in thermal 
properties  with one sharp decomposition followed by gradual decay (Figure 3.2a). 
Some residual weight remained even beyond 900 °C indicating char formation. The 
first decomposition of polymers signifies partial or complete breaking of alkyl chains 
from polymer backbone. Model compounds (TM4 and TM5) showed sharp single 
step decomposition (Figure 3.2b). 
  Thermal proprties of polymers were examined between - 40 °C and 
decomposition temperature (∼ 220 – 300 °C) using DSC. DSC traces of the polymers 
did not show any glass transition or melting before degradation. This property is quite 
similar with  poly(phenyleneethynylene)s15 and can be attributed to the curing 
reaction between acetylene groups on the polymer backbone during heating.32a DSC 
trace (Figure 3.2c) of  the model compound TM4 showed three phase transitions at 45 
°C (12.6 KJ mol-1), 75 °C (42.1 KJ mol-1) and 100 °C (49.5 KJ mol-1). Compound 
TM4 melts to a discotic phase at  75 °C, followed by isotropization at 100 °C. The 
cooling trace exhibited isotropic-discotic transition at 63 °C followed by 
crystallization at 42 °C.32b The liquid crystalline nature of TM4 indicated by DSC 
trace was further examined using polarized optical microscope (Figure 3.2e – 3.2g). 
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Compound TM5, with a single phase transition (112 °C, 161.2 KJ mol-1) between 




Figure 3.2. Thermograms of  polymers (a) and model compounds (b). POLY1 (▲) 
POLY2 (∆) POLY3 (■) POLY4 (□) POLY5 (●) POLY6 (○) TM4 (★) TM5 (☆). 
DSC traces of (c) TM4 and (d) TM5. Polarized optical microscope images of 




3.3.3. Optical Properties 
 
 Optical property is useful to gain information regarding structure-property 
relationship of compounds. Detailed study of optical properties of all target 
compounds were accomplished in solution and in thin film (Figure 3.3 and 3.4), the 




Figure 3.3. Absorption (a, c) and emission (b, d) spectra of the polymers in DCM (0.1 
mg/mL, 28 °C) (a, b) and thin film (c, d). POLY1 (▲) POLY2 (∆) POLY3 (■) 
POLY4 (□) POLY5 (●) POLY6 (○). 
 
 















































It is observed that all polymers and oligomers have more than one strong absorption 
and emission peaks, which is a characteristic feature of pyrene moiety.33 Enhanced 
conjugation offered by ethynyl bonds shift the absorption wavelengths of both 
polymers and model compounds to red region (λabs = 450 – 500) as compared to 
pyrene (λabs = 335 nm) and the previously reported poly(pyrenevinyl) system (λabs = 




Figure 3.4. Absorption (a, c) and emission (b, d) spectra of model compound TM4 
(▼) and TM5 (▽) in DCM (10-5 M, 28 °C) (a, b) and thin film (c, d).  












































  Optical properties of target compounds were examined in different solvents 
and no significant polarity dependance was detected. Similar absorption-emission 
spectra were observed in cyclohexane, DCM and acetonitrile. All synthesized 
compounds showed Stokes shift in the range of 15 – 30 nm which could be due to 
mechanisms such as intersystem crossing, migration of excitons along the polymer 
chains and configurational relaxation of excited states, as reported by other research 
grouops working on similar polymers.34-36 Identification of the exact mehanism is 
currently in progress. Fluorescence quantum yields were measured for the compounds 
using quinine sulfate as standard. Autoquenching of fluorescence results in much 
lower quantum yield for the polymers as compared to the model compounds (TM4 
and TM5). Amongst various polymers, transoid- series (POLY2, POLY4, POLY6) 
showed higher quantum yield as compared to their cisoid- (POLY1, POLY3, 
POLY5) analogues.  
  Thin films of polymers and model compounds showed bathochromic shifts of 
absorption – emission wavelengths as compared to the solution state, possibly due to 
close packing of polymer chains and molecules in the solid state.15,37,38 
 
3.3.4. Electrochemical Properties 
 
 Electrochemical properties of the target compounds were investigated using 
CV (Figure 3.5). Acquired data are summerized in Table 3.3. Energy levels of highest 
occupied molecular orbitals (EHOMO) were calculated from the half-wave potentials of 
oxidation peaks. Cyclic voltammograms of polymer POLY1, POLY2, POLY5, 
POLY6 and model compounds TM4, TM5 showed two irreversible oxidation peaks. 
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Pyrene, being more electron rich compared to phenyl and fluorene moieties, acts as 
electron donor. Hence, the observed anodic peaks may be assigned to electrochemical 
oxidation of pyrene units.39 For these compounds, reduction waves were not 
detectable within the scan range of -2 to +2 V. 
 
 
Figure 3.5. Cyclic voltammograms of (a) POLY1 (▲) and POLY2 (∆), (b) POLY3 (■) 
and POLY4 (□), (c) POLY5 (●) and POLY6 (○), (d) TM4 (★) and TM5 (☆). The data 
were collected at a scan rate of 100 mV s-1 using spin coated films (thickness ∼ 50 nm) of 
the target compounds on ITO substrate and n-Bu4NPF6 in acetonitrile (0.1 M) as 
electrolyte. 
 
A completely different scenario was observed for polymers 3 and 4, where, weak 
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anodic peak was accompanied with strong cathodic peaks. It is conceivable that 
carbazole, being more electron rich compared to pyrene, donates electron to pyrene40 
and this leads to oxidation of carbazole and reduction of pyrene during the redox 




 Self-assembly of the synthesized compounds (POLY1 – POLY6 and TM4 – 
TM5) were studied to obtain further insight about several interchain or intermolecular 
interactions (Figure 3.6).  
 
 
Figure 3.6. SEM image of POLY1 (a) POLY3 (c), POLY5 (d) and AFM image of 
POLY1 (b)showed coiled fiber self-assembly of the cisoid- polymers.  
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Toluene was selected as the solvent medium with the virtue of its high boiling point 
and solubilizing effect. Thin films of the target compounds were made by dropcasting 
50 μL of the solution (0.2 mg/mL) on glass plate and allowing to slowly evaporate 
inside a desicator. The SEM images of the dropcasted films of cisoid- polymers 
showed coiled fiber structure (Figure 3.6), whereas, no well defined morphologies 
were found for the transoid- analogues and the model compounds. AFM image of  
similarly prepared film of POLY1 on ITO surface (Figure 3.6b) provided evidence 




  The results obtained from thermal, optical, electrochemical and self-assembly 
studies of the cisoid-, transoid- polymers and the model compounds suggest direct 
correlation between the shape of polymer backbone and physical properties. Cisoid- 
polymers (POLY1, POLY3, POLY5) were found to be thermally more stable as 
compared to their transoid- analogues (POLY2, POLY4, POLY6) (Table 3.1). 
Decomposition temperature corresponding to 5 % weight loss (T5, above 200 °C) was 
considered for the comparison purpose. A careful examination on the optical data 
revealed that absorption wavelength of cisoid- polymers are significantly red shifted 
as compared to their transoid- analogues. However, the model compounds (TM4 and 
TM5) showed similar optical properties (Table 3.2). Results of cyclic voltammetry 
studies found EHOMO of cisoid- polymers to be less negative as compared to transoid- 
polymers (Table 3.3). Although, the difference between model compounds are 
marginal. 
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Table 3.2. Optical properties of target compounds (POLY1 – POLY6 and TM4 – 
TM5).   











































































































aSolutions were made in dichloromethane with a concentration of 0.1 mg/mL 
(POLY1 - POLY6) and 10-5 M (TM4 and TM5). 
bThin films were pepared by dropcasting concentrated solution of the compounds on 
quartz plate at room temperature. 
cBandgap, Eg = hc/λonset , where h = Planck’s constant, c = velocity of light. 




  The twisted backbone of cisoid- polymers forces the polymer chain to coil and 
facilitates intra- and interchain interactions between several non-adjacent units, which 
is not possible for the transoid- polymers with rigid rod backbone. Enhanced π-
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stacking between two non-adjacent pyrene in coil like cisoid- polymers is expected to 
show lower optical bandgap. Similarly, higher thermal stability of cisoid- polymers 
can be attributed to the enhanced bond strength imparted by extra intra- and 
interchain interactions offered by coil morphology. The lower oxidation potentials of 
cisoid- polymers again can be attributed to the enhanced intra- and interchain 
interactions because, enhanced conjugation is known to result in lower oxidation 
potential.43 SEM images of the dropcasted films of polymer solution (Figure 3.6) 
showed coiled morphology of the cisoid- polymers. 
 
Table 3.3. Electrochemical properties of target compounds (POLY1 – POLY6 and 
TM4 – TM5). 
Compound Eoxa (V) Eox1/2b (V) EHOMOc (eV) Ered (V) 
POLY1 0.44, 0.95 0.05 -4.35  
POLY2 0.67, 1.14 0.42 -4.72  
POLY 3 0.24 0.12 -4.42 -0.51, -1.35 
POLY 4 0.78, 1.19 0.57 -4.87 -1.33 
POLY 5 0.79, 0.95 0.54 -4.84  
POLY 6 0.76, 1.05 0.56 -4.86  
TM4 0.72, 1.10 0.51 -4.81  
TM5 0.78, 1.17 0.56 -4.86  
aPeak value of the oxidation wave; 
bHalf-wave oxidation potential; 
cEHOMO = -(4.3 + Eox1/2) eV.41,42 
  
 Similar optical properties of the model compounds (TM4 and TM5) suggested 
similar π- conjugation through 1,8- and 1,6- linkages of pyrene and difference in 
physical properties between cisoid- and transoid- polymers could be due to the rigid 
shape of the polymer backbone. Lower optical band gap of POLY1 and POLY2 
compared to the corresponding model compounds (TM4 and TM5) may be attributed 
to the extended conjugation over the polymer backbone or secondary interaction 
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between several polymer chains. 
 The observed effect of spacer groups on optical properties can also be 
explained with respect to their role in controlling the shape of the polymer backbone. 
Comparison between polymers with different spacer groups (POLY1, POLY2 and 
POLY3, POLY4 and POLY5, POLY6) revealed the order of band gap, fluorene > 
carbazole > phenyl (for POLY1, POLY3, POLY5) or carbazole > fluorene > phenyl 
(for POLY2, POLY4, POLY6), which may be due to the overall shape of polymer 
backbone. The reason for phenyl spacer to show maximum difference in optical 
properties between cisoid- and transoid- polymers (POLY1 and POLY2) may be due 
to small size and rigid 1,4- linkage, which facilitates more effective interaction 
between two pyrenes in comparison with 3,6- disubstituted carbazole and 2,7- 
disubstituted fluorene.  
 The observed low band gap for the cisoid- polymers was in contrast with the 
results observed for homopolymer of p-phenyleneethynylene (PpPE)16 and copolymer 
of p-phenyleneethynylene and m-phenyleneethynylene (PmPE).18 Absorption 
wavelength of PpPE is known to be bathochromically shifted as compared to PmPE, 
which may be due to the lack of conjugation in 1,3- linkage of phenylene as compared 




 A new family of fluorescent conjugated polymers, poly(pyreneethynylene)s, 
have been synthesized by Sonogashira coupling of 1,8- or 1,6- diethynyl pyrene with 
dihaloderivatives of alkoxybenzene, carbazole and fluorene. The resultant polymers 
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with differently shaped backbone were characterized using NMR, IR, MALDI-TOF 
and GPC. Detailed investigation about their optical, electrochemical and thermal 
properties revealed useful insight regarding structure-property relationship. 
Significant influence of shape of polymer backbone was found on the physical 
properties of the polymers. Kinked backbone of cisoid- polymers appeared to 
contribute towards lower bandgap, less negative EHOMO and higher thermal stability. 
A plausible explanation for such behaviour has been hypothesized with the formation 
of coil and rod structures by cisoid- and transoid- polymers, respectively. Added 
evidence of coiling of cisoid- polymers was obtained from SEM images of the 
dropcasted polymer films. Two model compounds were synthesized to check the 
extent of conjugation over 1,8- and 1,6- position of pyrene. The observed difference 
in physical properties between cisoid- and transoid- polymers are solely due to the 
shape of polymer backbone. These findings are significant as they enrich the 
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DESIGN AND SYNTHESIS OF PYRENE-






Research and development of nanomaterials with potential applications in 
agriculture1 and industries such as food, textile,2 pharmaceutics,3 cosmetics,4 
construction,5 pollution control6 and weapon7 are being pursued for commercial 
applications. With the overwhelming achievements of the nanodimensional materials, 
researchers overlooked the potential threat posed by nanopollution and nanotoxicity. 
Research on “nanotoxicology”8 found that many commonly used NPs, including gold,9 
silver,10 carbon nanotubes11 and fullerenes12 cause considerable toxicity on prolonged 
exposure to cell lines. The probability of nanoaccumulation in water is much more 
prominent because, nanopollutants present in air and soil can reach our water resources. 
The threat of nanopollution is more severe than any other pollutants due to its tiny size, 
easy bioabsorption and high toxicity.10 A few instrumental methods are currently 
available for treating nanowaste in water e.g. LOTN filtration,13 electrolyzed anode 
water14 and megasonic cleaning15 which are associated with disadvantages such as low 
purification efficiency, complicated experimental set-up and high cost.  
The concept of metal extraction from water resources using ligand exchange 
principle16 can be further extended to the removal of NPs from aqueous medium.17 
Condition for effective ligand exchange includes the use of ligands with multiple 
chelating heteroatoms, which donate their lone-pair of electrons more readily than their 
counterparts. The important aspects to be considered for designing suitable ligands for 
removal of NPs from water are hydrophobicity and binding efficiency to NPs. In this 
study, hydrophilic Au and Ag NPs have been used for establishing and optimizing the 
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set-up. Thiol ligands are reported to be strong enough to replace capping agents such as 
organic acids, amines and phosphines.18 Thioacetate analogues offer higher stablility 
under ambient condition and efficient ligand exchange in aqueous medium.19 Monitoring 
the fluorescence of the ligands might be useful to probe the extraction procedure. 
Significant evidences of fluorescence quenching of pyrene units by Au nanostructures are 
found in literature.20 Pyrene is one of the attractive fluorophore due to its high quantum 












TM7 x:y = 1:1, POLY7
x:y = 1:5, POLY8
x:y = 1:10, POLY9  
 
Figure 4.1. Structure of the target compounds (TM6 – TM7 and POLY7 – POLY9). x:y 
represents the feed ratio of the two monomers during polymerization. 
 
 
Here we report, synthesis and application of ligands (Figure 4.1) to extract Au and 
Ag NPs quantitatively from aqueous environment. The binding of NPs is achieved with 
thioacetate moieties whereas, fluorescence and hydrophobicity are introduced by pyrene. 
Two small molecules with rigid and flexible arms (TM6 and TM7) are synthesized to 
study the effect of rigidity of the binding group on extraction efficiency. Polymeric 
materials with multiple functional groups to enhance the extraction efficiency are also 
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designed and synthesized. The polymers POLY7, POLY8 and POLY9 differ from each 


































Scheme 4.1. Synthesis of TM6 and TM7. (a) N,N-dimethylacetamide, 1,2-
dichloroethane, zinc powder, dichlorodimethylsilane, K2CO3, 75 °C, acetylchloride, rt, 12 
h. (b) Br2, nitrobenzene, 120 °C, 4 h. (c) TMSA, diisopropylamine, THF, Pd(PPh3)2Cl2, 
CuI, N2, 65 °C, 12 h. (d) K2CO3, methanol, rt, 6 h. (e) diisopropylamine, THF, 
Pd(PPh3)2Cl2, PPh3,  CuI, N2, 55 °C, 36 h. (f) 3-butyn-1-ol, diisopropylamine, THF, 
Pd(PPh3)2Cl2, CuI, N2, 65 °C, 12 h. (g) H2, 10 % Pd-C, ethylacetate, 24 h. (h) (i) NaOH, 





4.2. Experimental Section 
4.2.1. Materials and Methods 
   
All reagents were purchased from commercial sources and used without further 
purification unless otherwise stated. THF was purified by distillation over sodium under 
nitrogen atmosphere. 1H and 13C NMR spectra were collected on a Bruker ACF 300 
spectrometer operating at 300 and 75.5 MHz, respectively. CDCl3, CD2Cl2 and DMSO-d6 
were used as solvent and tetramethylsilane as internal standard. FT-IR spectra were 
recorded on a Bio-Rad FT-IR spectrophotometer. MALDI-TOF mass spectra of the 
compounds were recorded using Bruker Deltronix Autoflex ІІ instrument. Solution of 
1,8,9-trihydroxyanthracene (0.1 M) and 2,5-dihydroxybenzoic acid (0.1 M) in THF were 
used to prepare the matrix. Molecular weight of the polymers was determined using 
Shimadzu LC vt 10AT gel permeation chromatography (GPC) instrument equipped with 
UV and refractive index (RI) detectors connected in series, polystyrene as standard and 
THF as an eluent at a flow rate of 0.3 ml/min. UV-Vis spectra were recorded using a 
Shimadzu 3101 PC spectrophotometer and fluorescence measurements were made on a 
RF-5301PC Shimadzu spectrofluorophotometer. The quantum yields of the synthesized 
compounds in chloroform were measured using quinine sulfate as a reference.21 Quantum 
yield of quinine sulfate was cross calibrated using anthracene in ethanol. Cyclic 
voltammetry (CV) experiments were performed using an Autolab potentiostat (model 
PGSTAT30) by Echochimie and data recorded in acetonitrile with 0.1 M 
tetrabutylammonium hexafluorophosphate as supporting electrolyte (scan rate of 100 mV 
s-1). The experiments were performed at room temperature with a conventional three 
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electrode configuration consisting of an ITO working electrode, a platinum counter 
electrode, and Hg/Hg2Cl2 in 3 M KCl as reference electrode. Thermogravimetric analyses 
(TGA) were done on a TA-SDT2960 at a heating rate of 10 ºC/min under nitrogen 
atmosphere. Scanning electron microscopic (SEM) images were recorded using JEOL 
JEM - 6010 F field emission scanning electron microscope and transmission electron 
microscopic (TEM) images were captured in JEOL JEM - 2010 instrument operating at 
200 KeV. The samples for TEM studies were prepared by evaporating a few drops of 
DCM layer on carbon coated copper grids of 300 mesh size. Zeta potential measurements 




Compound 1,22 2, 3, 4,23 (Scheme 4.1) 9, 10, 1124 (Scheme 4.2) were synthesized 
according to the reported procedures. Slight modifications were done in the synthetic 
procedure of compound 7, 8 and 12 from that of the published reports.25,26 
 
Synthesis of TM6 
 
To a degassed solution of p-iodophenylthioacetate, 1 (0.378 g, 1.36 mmol) in 
diisopropylamine (15 mL) and freshly distilled THF (15 mL), were added Pd(PPh3)2Cl2 
(0.023 g, 0.03 mmol), CuI (0.013 g, 0.07 mmol) and PPh3 (0.036 g, 0.14 mmol) under 
nitrogen atmosphere. Tetraethynylpyrene (0.05 g, 0.17 mmol) was added to the stirred 
solution at 55 °C and the heating was continued for 36 h. The solvent was removed under 
reduced pressure to get the crude product which was purified by column chromatography 
using 85% DCM/hexane as solvent. Yield 0.051 g, 33 %. 1H NMR (CDCl3, 300 MHz, δ 
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ppm): 8.72 (s, 4H, pyrene), 8.44 (s, 2H, pyrene), 7.75 (d, 8H, J = 8.04 Hz, phenyl), 7.49 
(d, 8H, J = 8.22 Hz, phenyl), 2.48 (s, 12H, -SCOCH3). 13C NMR (CDCl3, 75.5 MHz, δ 
ppm): 193.2 (SCO), 135.8, 134.4, 132.4, 131.8, 126.9, 126.8, 124.1, 118.5 (pyrene and 
phenyl Cs), 102.8, 101.3 (C C), 30.2 (COCH3). IR (KBr, cm-1) ν = 2284 (C C), 
1729 (C=O). MALDI-TOF MS: m/z = 899 [M]+. Elemental analysis calcd. for 
C56H34O4S4: C, 74.81; H, 3.81; S, 14.26. Found: C, 74.98; H, 3.04; S, 14.11. 
 
Synthesis of Compound 5 
  
PdCl2(PPh3)2 (0.5 g, 0.7 mmol) and CuI (0.1 g, 0.5 mmol) were added to a 
degassed solution of compound 2 (8 g, 15.4 mmol) in diisopropylamine (80 ml) and 
freshly distilled THF (80 ml). 3-Butyn-1-ol (8.624 g, 123.2 mmol) was added to the 
stirred solution at 65 oC and continued heating for 12 h. The solvent was removed under 
reduced pressure to get yellow solid which was further washed with DCM, water and 
dried under high vacuum. Yield 4.755 g, 65 %. 1H NMR (DMSO-d6, 300 MHz, δ ppm):  
8.31 (s, 4H, pyrene Hs), 7.97 (s, 2H, pyrene Hs), 5.13 (t, 4H, -OH), 3.78 (t, 8H, -CH2), 
2.81 (t, 8H, -CH2). 13C NMR (DMSO-d6, 75.5 MHz, δ ppm): 133.1, 130.8, 126.3, 123.2, 
119.0 (pyrene Cs), 96.1, 79.2 (C C), 60.2 (-CH2OH), 24.1 (-CH2CH2OH). FAB-MS: 
m/z = 475 [M]+. Elemental analysis calcd. for C32H26O4: C, 80.99; H, 5.52. Found: C, 
80.64; H, 5.17.  
 
Synthesis of Compound 6 
 
 10 % Pd-C (0.5 g) catalyst was added to a suspension of compound 5 (1 g, 2.1 
mmol) in ethylacetate (20 mL) at room temperature and stirred under H2 atmosphere for 
 129
20 h. The catalyst was removed by passing the reaction mixture through a silica bed using 
methanol as eluent. The solvent was removed under reduced pressure to get yellow solid. 
Yield 0.897 g, 87 %. 1H NMR (DMSO-d6, 300 MHz, δ ppm): 8.24 (s, 4H, pyrene Hs), 
7.76 (s, 2H, pyrene Hs), 3.47 (t, 8H, -CH2OH), 3.27 (t, 8H, -CH2-), 1.82 (t, 8H, -CH2), 
1.58 (t, 8H, -CH2). 13C NMR (DMSO-d6, 75.5 MHz, δ ppm): 135.9, 128.7, 126.6, 125.6, 
122.3 (pyrene Cs), 60.6 (-CH2OH), 32.7 (-CH2-), 32.5 (-CH2-), 28.0 (-CH2-). FAB-MS: 
m/z = 491 [M]+. Elemental analysis calcd. for C32H42O4: C, 78.33; H, 8.63. Found: C, 
77.95; H, 8.32.  
 
Synthesis of TM7 
 
 Aqueous NaOH (0.48 g, 12 mmol, 10 mL) was added to a suspension of 
compound 6 (0.5 g, 1.0 mmol) in THF (10 mL) at 0 oC and allowed to stir for 1 h. A 
solution of p-toluenesulfonyl chloride (2.292 g, 12 mmol) in THF (10 mL) was added 
dropwise to the reaction mixture over 15 minutes and allowed to stir at room temperature 
for 24 h. The reaction mixture was concentrated under vacuum and extracted with 
diethylether. The organic layer was dried over anhydrous sodium sulfate and evaporated 
to get the crude product which was further purified by column chromatography using 
DCM as eluent (yield 1.103 g, 85 %) and was directly used for the next step. 
Solid potassium thioacetate (0.547 g, 4.8 mmol) was added to a stirred solution of 
tosylate (1 g, 0.8 mmol) in 10 mL of DMF and allowed to stir at 45 oC for 24 h. The 
reaction mixture was quenched on ice and extracted with DCM. The organic layer was 
dried over anhydrous sodium sulfate and concentrated to get the crude product which was 
further purified by column chromatography using hexane/DCM (10:90, v/v) as eluent. 
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Yield 0.364 g, 63 %. 1H NMR (CDCl3, 300 MHz, δ ppm): 8.17 (s, 4H, pyrene Hs), 7.67 
(s, 2H, pyrene Hs), 3.69 (t, 4H, -CHH-SAc), 3.30 (bs, 8H, -CH2-), 2.94 (t, 4H, -CHH-
SAc), 2.32 (bs, 12H, SCOCH3), 1.91 (bs, 8H, -CH2-), 1.73 (bs, 8H, -CH2-). 13C NMR 
(CDCl3, 75.5 MHz, δ ppm): 196.0 (SCO), 135.4, 128.7, 127.3, 126.3, 122.3 (pyrene Cs), 
33.0 (-CH2-), 30.6 (-CH2-), 29.6 (-CH2-), 29.0 (-CH2-), 27.7 (-COCH3). IR (KBr, cm-1) ν 
= 1687 (C=O). FAB-MS: m/z = 724 [M+H]+. Elemental analysis calcd. for C40H50O4S4: 





Scheme 4.2. Synthesis of the polymers (POLY7 – POLY9). (a) Cu(NO3)2, acetic 
anhydride, ethylacetate, 55 °C, 1.5 h. (b) Sn, conc. HCl, ethanol, reflux, 45 min. (c) 
NaNO2, HCl, 0 - 5 °C, KI, 60 °C, 1 h. (d) TMSA, diisopropylamine, THF, Pd(PPh3)2Cl2, 
CuI, N2, 55 °C, 5 h. (e) K2CO3, methanol, rt, 6 h. (f)  TMSA, diisopropylamine, 




Synthesis of Compound 725 
  
Cu(NO3)2.3H2O (3.94 g, 16.3 mmol) was added to a mixture of pyrene (3 g, 14.8 
mmol) Ac2O (4 mL) and EtOAc (40 mL). The mixture was stirred at 55 °C for 1 h. The 
reaction mixture was cooled to room temperature, filtered and washed with DCM (10 × 
10 mL). The filtrate along with the washings were concentrated under reduced pressure to 
get the greenish yellow solid, which was washed with water to get yellow solid as pure 
compound. Yield 3 g, 82 %. 1H NMR (CDCl3, 300 MHz, δ ppm): 8.71 - 8.62 (m, 2H), 
8.43 - 8.30 (m, 5H), 8.21 - 8.14 (m, 2H). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 134.8, 
131.2, 130.6, 130.5, 129.8, 127.5, 127.0, 126.9, 126.6, 124.5, 123.9, 123.3, 122.4, 121.4. 
 
Synthesis of Compound 825 
 
 To a boiling solution of compound 7 (1 g, 4.0 mmol) in ethanol (75 mL) and 
concentrated hydrochloric acid (60 mL), tin metal (1.68 g, 14.1 mmol) was added in 
small portions and continued refluxing for 45 minutes. The reaction mixture was basified 
with aqueous sodium hydroxide after cooling to room temperature and extracted with 
DCM (3 × 50 mL). The organic layer was dried over anhydrous sodium sulfate and 
evaporated to dryness to get brownish yellow solid, which was further purified by column 
chromatography using 60 % DCM/hexane as eluent. Yield 0.435 g, 50 %. 1H NMR 
(CDCl3, 300 MHz, δ ppm): 8.07 - 7.80 (m, 8H), 7.38 (d, 1H, J = 8.07 Hz) (aromatic Hs), 
4.50 (bs, 2H, -NH2). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 140.8 (C-NH2), 132.1, 131.5, 
127.5, 125.9, 125.8, 125.4, 124.1, 124.0, 123.6, 123.4, 120.0, 116.7, 113.8.  
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Synthesis of Compound 1226 
  
CuI (0.007 g, 0.04 mmol) and Pd(PPh3)2Cl2 (0.252 g, 0.4 mmol) were added to a 
degassed solution of compound 1 (2 g, 7.19 mmol) in diisopropylamine (15 mL). TMSA 
(1.057 g, 10.8 mmol) was added to the stirred solution at 55 °C and the heating was 
continued for 12 h under N2 atmosphere. The solvent was removed under reduced 
pressure to get the crude product which was purified by column chromatography using 10 
% DCM/hexane as solvent. Yield 1.284 g, 72 %. 1H NMR (CDCl3, 300 MHz, δ ppm): 
7.48 (d, 2H, J = 8.22 Hz, phenyl H), 7.34 (d, 2H, J = 8.22 Hz, phenyl H), 2.41 (s, 3H, S-
CO-CH3), 0.25 (s, 9H, Si(CH3)3). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 192.5 (SCO), 
133.8, 132.2, 128.3, 124.1 (phenyl Cs), 104.1, 95.9 (C C), 29.9 (SCOCH3), 0.28 
(Si(CH3)3).  
 
4.2.2.1. General Method for Polymerization 
 
1-Ethynylpyrene (11) and [Rh(nbd)Cl]2 were weighed in an oven dried round 
bottom flask and purged with N2 for 15 minutes. A solution of compound 12 in dry 
toluene was added to the reaction vessel using syringe and the temperature was raised to 
75 °C. After 24 h, the reaction mixture was concentrated under vacuum. The residue was 
dissolved in minimum amount of chloroform and precipitated from large volume of 
methanol. Purification of the polymer was done by repetitive precipitation from methanol 




Synthesis of POLY7 
 
11 (0.273 g, 1.2 mmol), [Rh(nbd)Cl]2 (0.223 g, 0.5 mmol), 12 (0.3 g, 1.2 mmol), 
toluene (15 mL), yield 0.237 g, 42 %. 1H NMR (CD2Cl2, 300 MHz, δ ppm): 8.5 - 7.8 
(broad multiplate for pyrene, phenyl Hs), 2.41 (s, 3H, -SCOCH3), 0.26 (s, 9H, Si(CH3)3). 
13C NMR (CD2Cl2, 75.5 MHz, δ ppm): 193.2 (SCO), 134.0 - 123.7, 104.1, 31.8 
(SCOCH3), 0.0 (Si(CH3)3). IR (KBr, cm-1) ν = 2947 (Si(CH3)3), 1712 (C=O), 1512 (C=C 
stretching), 849 (C=C-H out of plane bending). Elemental analysis calcd. for 
(C18H10)1(C13H16SiSO)1: C, 78.48; H, 5.48; S, 6.75. Found: C, 87.43; H, 4.97; S, 3.17. 
 
Synthesis of POLY8 
 
11 (0.18 g, 0.8 mmol), [Rh(nbd)Cl]2 (0.147 g, 0.3 mmol), 12 (1 g, 4 mmol), 
toluene (15 mL) yield 0.346 g, 30 %. 1H NMR (CD2Cl2, 300 MHz, δ ppm):  8.5 - 7.8 
(broad multiplate for pyrene, phenyl Hs), 2.41 (s, 3H, -SCOCH3), 0.26 (s, 9H, Si(CH3)3). 
13C NMR (CD2Cl2, 75.5 MHz, δ ppm): 193.3 (SCO), 134.0 - 124.3, 104.1, 31.8 
(SCOCH3), 1.0 (Si(CH3)3). IR (KBr, cm-1) ν = 3040 (=C-H stretching), 2933 (Si(CH3)3), 
1712 (C=O), 1590 (C=C stretching), 848 (C=C-H out of plane bending). Elemental 
analysis calcd. for (C18H10)1(C13H16SiSO)1: C, 78.48; H, 5.48; S, 6.75. Found: C, 77.65; 
H, 5.49; S, 6.99. 
 
Synthesis of POLY9 
 
11 (0.13 g, 0.6 mmol), [Rh(nbd)Cl]2 (0.106 g, 0.2 mmol), 12 (1.5 g, 6 mmol), 
toluene (15 mL) yield 0.234 g, 15 %. 1H NMR (CD2Cl2, 300 MHz, δ ppm):  8.5 - 7.8 
 134
(broad multiplate for pyrene, phenyl Hs), 2.41 (s, 3H, -SCOCH3), 0.26 (s, 9H, Si(CH3)3). 
13C NMR (CD2Cl2, 75.5 MHz, δ ppm): 193.3 (SCO), 134.0 - 124.3, 104.1, 31.8 
(SCOCH3), 1.0 (Si(CH3)3). IR (KBr, cm-1) ν = 3039 (=C-H stretching), 2933 (Si(CH3)3), 
1759 (C=O), 1588 (C=C stretching), 833 (C=C-H out of plane bending). Elemental 
analysis calcd. for (C18H10)1(C13H16SiSO)1: C, 78.48; H, 5.48; S, 6.75. Found: C, 76.96; 
H, 5.50; S, 7.29. 
 
4.2.3. Synthesis of Au27 and Ag28 NPs 
 
Aqueous solution (10 mL) of 5 × 10-3 M HAuCl4·3H2O was diluted with 190 mL 
of millipore water and heated. Aqueous solution of sodium citrate (0.5 %, 10 mL) was 
added to it just after boiling started and continued to boil till the color of the reaction 
mixture turned wine red. It gave clear indication about the formation of colloidal solution 
of AuNP. The reaction mixture was cooled to room temperature with continuous stirring. 
Finally, the volume of the solution was made up to 200 mL using millipore water to 
compensate for the water loss during boiling. Concentration of the resultant AuNP 
solution was 2.5 × 10-4 M. 
Similarly, a 25 mL aqueous solution of 5.0 × 10-3 M AgNO3 was added to 200 mL 
of millipore water. Sodium citrate solution (1 %, 10 mL) was added to the solution after it 
started boiling. Boiling was continued till the color of the solution turned pale yellow and 
cooled to room temperature with continuous stirring. Finally, the volume of the solution 
was made up to 250 mL using millipore water to compensate for the water loss during 
boiling. Concentration of the resultant AgNP solution was 1 × 10-3 M. 
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4.2.4. Synthesis of electrospun PVA NF 
 
Polyvinyl alcohol (PVA) solution (10 wt %, 5 mL) in millipore water was 
prepared by heating at 80 °C for 2 h and used for making electrospun NF. The 
electrospinning set-up was made of a hypodermic syringe and a flat tip needle with 
internal diameter of 1.2 mm. Continuous supply of the PVA solution to the syringe was 
ensured by using a programmable syringe pump (Optrobio Technologies Pte Ltd). 
Positive and negative electrodes were connected to the needle and the collector, 
respectively. Electrically grounded copper plate covered with aluminium foil was used as 
the collector. Electrospinning was carried out applying a high positive voltage of 15 - 18 
kV. Distance between two electrodes and the flow rate were kept constant during the 
process as 10 cm and 8 µL/min, respectively. The process was carried out at room 
temperature and the resultant PVA NFs were cross linked using gluteraldehyde. 
 
4.2.5. General Protocol for Liquid Phase Extraction of NPs 
 
Solution of NPs (4 mL, 10-4 M) was transferred in a glass vial. Ligand solution 
was prepared separately by dissolving 1 mg of ligand in 4 mL of DCM. These two 
solutions were mixed together and allowed to shake gently on a mechanical shaker for 3 
h. The vials were removed from the shaker and left undisturbed till the aqueous and 
organic layers separated into two distinct phases. The two layers were collected in two 
separate vials for further analysis. UV-Vis absorption spectra were recorded for 600 μL 
of water layer before and after extraction. Absorbance values at the SPR bands of AuNP 
(520 nm) and AgNP (410 nm) were recorded. Concentrations of the NPs in water layer 
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before and after extraction were calculated from calibration curve (absorbance vs. 
concentration). Extraction efficiency = [(Ci – Cr)/Ci] × 100 %, where Ci represents initial 
concentration of the NP solution before extraction and Cr represents remaining 
concentration after extraction. Emission spectra of the DCM layer were recorded before 
and after extraction after 10 times dilution. 
 
4.2.6. General Protocol for Extraction Using Polymer Coated PVA NF 
 
Electrospun nanofiber mat (2 cm × 2 cm) of PVA was taken on glass slide and 
immersed in a petridish containing polymer solution (0.2 mg/mL) in acetone. The fiber 
mat was taken out after 10 s and allowed to dry in another petridish. The slow rate of 
evaporation maintained by this technique resulted in homogeneous coating of the fiber 
mat. After drying, the fiber mat was dipped into freshly prepared NP solution (10 mL, 10-
4 M) and allowed to shake gently on a shaker for 24 h, 600 μL of the remaining NP 
solution was used for UV-Vis and the extraction efficiency was calculated as mentioned 
earlier. SEM images of the fiber mat were captured after drying to check the stability of 
the fiber.   
 
4.3. Results and Discussion 
4.3.1. Synthesis and Characterization 
 
Compounds TM6 and TM7 were synthesized according to the synthetic route 
depicted in Scheme 4.1. Sonogashira coupling of tetraethynylpyrene (4) with p-
iodophenylthioacetate (1) yielded TM6, while the use of p-bromophenylthioacetate did 
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not form the desired product. Compound 1 was synthesized from commercially available 
4-iodobenzenesulphonyl chloride whereas, exhaustive bromination of pyrene followed by 
Sonogashira coupling with TMSA and desilylation gave compound 4. A different route 
was adopted to synthesize TM7. Sonogashira coupling of tetrabromopyrene with 3-
butyn-1-ol, followed by reduction of acetylene bonds formed the molecular skeleton of 
TM7 in compound 6. Functional group interchange from hydroxyl to thioacetate via 
tosylate intermediate yielded the target molecule.  
Syntheses of the polymers are described in Scheme 4.2. Precursor 11 was 
synthesized starting from pyrene. Nitration and amination of pyrene followed by 
Sandmeyer reaction29 gave intermediate 9. Further coupling of 9 with TMSA followed by 
desilylation formed compound 11. On the other hand, 1 was coupled to TMSA to 
generate precursor 12.  The acteylenic precursors 11 and 12 were polymerized in various 
mole ratios (1:1, 1:5 and 1:10) to synthesize target polymers. Several catalytic systems 
were tried for effective polymerization including WCl6/Bu4Sn and [Rh(nbd)Cl]2. Only, 
Rh(1) catalyst and dry toluene under N2 environment at 75 °C led to successful 
polymerization. 
Complete characterization of TM6 and TM7 was achieved with NMR (1H, 13C), 
IR and MALDI-TOF mass spectrometry and elemental analyses. Singlets observed 
between 8.72 and 7.67 ppm with integration of four and two protons are the characteristic 
peaks of pyrene derivatives having equivalent substituents at all four sites. Singlet at ∼ 
2.4 ppm in 1H NMR and peak at ∼ 195 ppm in 13C NMR confirmed the presence of 
thioacetate moiety in both derivatives. Peaks at 102.8 and 101.3 ppm could be assigned to 
two acetylenic carbons of TM6. The IR spectra of TM6 showed distinctive stretching of 
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C≡C at 2240 cm-1. Stretching frequency for carboxyl group of TM6 appeared at 1723 cm-
1, which is significantly higher than that of TM7 (1687 cm-1).  
Results of several polymerizations are summarized in Table 4.1. A gradual 
decrease of molecular weight of polymers was observed with increasing feed ratio of 
monomer 12. The observed trend may be due to the lower reactivity of sterically hindered 
acetylene group in 12 toward polymerization. The low PDIs indicate that polymers are 
mono-dispersed. Although the NMR spectra of the polymers were not well resolved, 
aromatic protons appeared between 8.5 and 7.8 ppm whereas, singlets due to thioacetate 
and trimethylsilyl group were visible at 2.41 and 0.26 ppm, respectively. 13C NMR 
spectra of the polymers showed peaks at δ ≈ 193.3 (C=O), 134.0 - 124.3 (aromatic 
carbons), 104.3 (-C=C-), 31.8 (-CH3 attached to carbonyl group) and 0.0 (carbon in 
trimethysilyl group). 
 






(x:y) Mw Mn PDI T10
c(°C) 
POLY7 1:1 1:0.3 10300 7100 1.5 289 
POLY8 1:5 1:1.1 8200 7500 1.1 301 
POLY9 1:10 1:1.2 4600 4100 1.1 270 
TM6 - - - - - 392 
TM7 - - - - - 373 
aRatio of the two monomers used in the polymerization reaction. 
bRatio of the two monomers calculated from elemental analyses data.  
cTemperature corresponding to 10 % weight loss. 
 
 
Absence of well resolved NMR peaks has precedence in literature. According to Rivera 
et. al., presence of unpaired radicals caused by disruption of olefin bonds on the polymer 
backbone and slow molecular motion of the polymer chain may be responsible for this 
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phenomenon.24 IR spectroscopy gave clear indication of successful polymerization, such 
as absence of C≡C peak in the polymers. Other prominent peaks observed in the IR 
spectra were assigned to different functional groups present in the polymer, such as C=O 
stretching (1700 cm-1), Si-CH3 stretching (1250 cm-1), S-C stretch (1100 cm-1) and sp3 C-
H stretch (2900 cm-1).24,30 The intensity of the S-C stretch is weak due to the 
polarizability of the bond and is assigned at a value of 1100 cm-1. This can be explained 
by considering the higher mass of sulfur compared to oxygen, which causes the 
characteristic group frequencies to occur at lower frequencies than the oxygen 
analogues.30 The final ratios of the two precursor units present in POLY7, POLY8 and 
POLY9 (x:y) were calculated from elemental analysis data and found to be 1:0.3, 1:1.1 
and 1:1.2, respectively.  
 
4.3.2. Thermal Properties 
 
Thermal stability of the target compounds was examined by thermogravimetric 
analyses (Figure 4.2) and the decomposition temperatures are listed in Table 4.1.  
TM6 and TM7 were found to be thermally stable upto 350 and 336 °C, 
respectively before they start to decompose. Initially observed sharp decomposition is 
most probably due to rupture of thioacetate groups leading to ∼ 30 and ∼ 40 % weight 
loss. Higher thermal stability of TM6 as compared to TM7 may be explained by stronger 
bond strength of phenyl-SAc than that of alkyl-SAc of TM7. Delocalization of sulphur 
electrons and extension of conjugation through the molecular skeleton of TM6 is 
responsible for such increased bond strength.  
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Temperature (οC)  
 
Figure 4.2. Thermograms of TM6 (●), TM7 (○), POLY7(☆), POLY8 (□), POLY9 (-). 
 
Lower decomposition temperature (270 – 301 °C) and gradual weight loss of 
polymers during heating may be explained by a combined effect of stripping of polymer 
chains and rupture of the pendant groups. All target compounds were found to leave 20-
32 % residual weight even beyond 800 °C which may be attributed to the char formation 
by the carbonaceous part of the compounds. 
 
4.3.3. Optical Properties 
 
Detailed study of optical properties of all target compounds were accomplished in 
solution and in thin film (Figure 4.3 and 4.4) and the results are analyzed in Table 4.2.  
In solution, the molecule TM6 showed high bathochromic shift (∼ 140 nm) of 
absorption wavelength as compared to unsubstituted pyrene (Figure 4.3a). Extended 
conjugation of central pyrene ring through four phenyl acetylene linkages in TM6 is 
responsible for such huge shift.23 TM7 with four alkyl groups, showed bathochromic shift 
 141
of λabs only by ∼ 30 nm. It reflects the ineffectiveness of alkyl groups to enhance π- 
conjugation as compared to phenyl acetylene groups. Emission wavelengths of TM6 (λem 
= 537 nm) was bathochromically shifted than that of TM7 (λem = 435 nm), which is 
similar to the trend observed for their λabs (Figure 4.3b).  
 
 
Figure 4.3. Absorption (a, c) and emission (b, d) spectra of TM6 (○) and TM7 (●) in 
chloroform (10-5 M, 28 °C) (a, b) and thin film (c, d).  
 
In thin film (Figure 4.3c and d), TM6 and TM7 showed lower energy transitions 
compared to solution state without changing their relative order. It may be explained by 
















































Figure 4.4. Absorption (a, c) and emission (b, d) spectra of the polymers in 
chloroform (0.2 mg/mL, 28 °C) (a, b) and thin film (c, d). Pyrene (-), POLY7 (☆), 
POLY8 (○), POLY9 (★).   
 
In solution, absorption spectra of the polymers (Figure 4.4a) are almost similar to 
each other with absorption maxima at ∼ 348 nm. Origin of this peak is most likely the 
absorption of pyrene moieties in the non-associated state.32 Emission spectra of the 
polymers are broad and featureless with emission maxima at ∼ 440 – 450 nm (Figure 











































4.4b). The polymers were found to show Stokes shift of ∼ 90 – 100 nm with weak 
photoluminescence. This behavior is quite common in case of polyarylacetylenes33 and 
can be possibly explained by dissociation of photogenerated electron-hole pairs into free 
carriers and migration of these carriers throughout the polymer system before getting 
deactivated by radiative and non-radiative ways.34   
 
Table 4.2. Optical properties of the target compounds (TM6 – TM7 and POLY7 – 
POLY9). 
Solutiona Filmb Compound 





λabs (nm) λem (nm) 
TM6 480, 353, 
273 
537, 503 23 0.45 508, 366,  
275 
566, 503 





21 0.23 374, 289 470, 399 
POLY7 349, 280, 
248 
441 92 0.10 356, 284, 
245 
470, 366 
POLY8 349, 280, 
248 
448 99 0.02 352, 280,  
245 
469, 365 
POLY9 348, 280, 
247 
448 99 0.02 352, , 277, 
245 
470, 365 
aSolutions were made in chloroform with a concentration of 0.2 mg/mL (POLY7 – 
POLY9) and 10-5 M (TM6, TM7). 
bThin films were pepared by dropcasting concentrated solution of the compounds on 
quartz plate at room temperature. 
 
In thin film, λabs of polymers red shifted from that of solution without much 
changes in the peak pattern (Figure 4.4c) which is expected on the basis of closer packing 
and enhanced intermolecular interaction.31 But, solid state emission peak pattern (Figure 
4.4d) of the polymers was found to be different than that in solution. The observed 
emission peak at 365 nm corresponds to the monomeric emission from pyrene whereas, 
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the peak at 470 nm may be ascribed to the pyrene excimers.35 Excimer formations was 
inhibited in solution state by using dilute solution of polymers during measurement. 
Although the positions of the monomeric and excimeric peaks of the polymers in solid 
state matched exactly with that of unsubstituted pyrene (Figure 4.4d), yet intensity ratio of 
the two peaks (α = IE/IM) were different. It can be explained by the well known 
dependence of α on several parameters including concentration and rate of 
solidification.35 
 
4.3.4. Electrochemical Properties 
 
Electrochemical properties of the target compounds were investigated using 
cyclic voltammetry (Figure 4.5). Acquired data are summarized in Table 4.3.  
 
 
Figure 4.5. Cyclic voltammograms of TM6 (○), TM7 (●), POLY7 (★), POLY8 (-) and 
POLY9 (☆). The data were collected at a scan rate of 100 mV s-1 using spin coated films 
(thickness ∼ 50 nm) of the target compounds on ITO substrate and n-Bu4NPF6 in 





























Energy levels of the highest occupied molecular orbitals (EHOMO) were calculated from 
the half-wave potentials of oxidation peaks.36 Cyclic voltammograms of the target 
compounds showed irreversible oxidation peaks. Reduction waves were not detectable 
within the scan range of -2 to +2 V. Pyrene, being the electron rich center, acts as 
electron donor. Hence, the observed anodic peaks may be assigned to the electrochemical 
oxidation of pyrene units.37 Oxidation potentials of the polymers are lower (∼ 0.50 V) as 
compared to the reported cis-poly(1-ethynylpyrene).38 This may be attributed to the 
electron enrichment of pyrene rings by conjugation with electron donating thioacetate 
groups. The cation radicals, generated by electrochemical oxidation of polymers, are 
stabilized by resonance with thioacetate groups and thus difficult to reduce. Similarly, 
electronic conjugation between pyrene and thioacetate in TM6 is responsible for its lower 
oxidation potential as compared to TM7, where no such electronic conjugation is 
possible.  
 
Table 4.3. Electrochemical properties of target compounds (TM6 – TM7 and POLY7 
– POLY9). 
Compound Eoxa (V) Eox1/2b (V) EHOMOc (eV) 
TM6 0.71 0.40 -4.70 
TM7 1.23 0.78 -5.08 
POLY7 0.50 0.31 -4.61 
POLY8 0.54 0.35 -4.65 
POLY9 0.53 0.34 -4.64 
aPeak value of the oxidation wave; 
bHalf-wave oxidation potential; 
cEHOMO = -(4.3 + Eox1/2) eV.36 
 
4.3.5. Extraction of NPs 
 
After successful synthesis and characterization, the target compounds were 
employed in the extraction of NPs.  
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4.3.5.1. Extraction of NPs Using TM6 and TM7 
 
Solutions of citrate capped Au or Ag NPs (4 mL, 10-4 M) were extracted 
separately using 1 mg of TM6 or TM7 in 4 mL of DCM. The detailed protocol has been 
mentioned in the experimental section. Concentration of the remaining NPs in water layer 
after extraction (Figure 4.6) was determined by matching its absorbance against a pre-
determined calibration curve. Extraction efficiency of TM7 was found to be considerably 
better (∼ 52 - 57 %) as compared to TM6 (∼ 18 %) (Table 4.4). This may be explained by 
considering higher solubility of flexible alkyl chains containing TM7 as compared to 
TM6 with structurally rigid phenyl acetylene groups. As a result, TM7 capped NPs are 
more readily soluble in DCM than TM6 capped NPs, which in turn, helps in more 
efficient transfer of the TM7 capped NPs to the DCM layer. 
 
4.3.5.2. Extraction of NPs Using Target Polymers (POLY7 – POLY9) 
4.3.5.2.1. Liquid Phase Extraction 
 
The poor extraction efficiency of the small molecules triggered us to use the 
target polymers for the transfer of NPs from water to organic layer. The experimental 
protocol followed was similar to that of the small molecules. Solution of citrate capped 
Au or Ag NPs (4 mL, 10-4 M) were extracted separately using DCM solution (4 mL) of 
the target polymers (1 mg). Concentration of the remaining NPs in water layer after 
extraction (Figure 4.6) was determined by matching its absorbance against a pre-





Figure 4.6. Absorption spectra of aqueous layer of (a) Ag and (b) Au NPs before 
extraction (1) and after extraction with TM6 (2), TM7 (3), POLY9 (4), POLY7 (5) and 
POLY8 (6). 
 
POLY7 and POLY8 showed excellent extraction efficiencies for both Au and Ag NP (∼ 
99 %) as compared to POLY9 (∼ 80 %). A positive correlation between the extraction 
efficiency and the chain length of the polymers was observed. Longer the chain length, 
greater is the number of binding sites along the polymer backbone, which ensures strong 
interaction between NPs and polymers and results in enhanced extraction efficiency. In 
this section, all further discussion will be based on the results obtained with POLY7 
because of its highest extraction efficiency. Two control experiments were performed 
where same amount of NP solutions were extracted with 4 mL of DCM in absence of any 
of the target compounds and no transfer of NPs to the DCM layer was observed (Figure 
4.7a, vial 1 and 3). Thus, the results of the control experiments clearly prove the inertness 
of DCM towards extraction and confirm the synthesized compounds to be solely 
responsible for binding to NPs and extraction. 
 
































Table 4.4. Extraction efficiency of the target compounds (TM6 – TM7 and POLY7 – 
POLY9) for Au and Ag NPs. 
Ligand Efficiency for AgNP extraction (%)a 
Efficiency for AuNP 
extraction (%)a 
TM6 18 18 
TM7 52 57 
POLY7 99 99 
POLY8 99 98 
POLY9 83 80 
aMean value obtained after performing the experiments in triplicate. 
   
Emission intensities of the DCM solution of POLY7 before and after extraction 
were used as a probe to monitor the binding of NPs to the synthesized compounds 
(Figure 4.7b). Significant quenching of the polymeric fluorescence was observed after 
extraction, which indicates strong interaction between NPs and the polymer. The 
quenching effect of AuNPs was found to be more as compared to that of AgNPs. This 
may be explained by the smaller size and larger surface area of AuNPs, which help more 
number of polymer chains to bind on the NP surface and leaves fewer numbers of free 
molecules.20 Thus the net fluorescence intensity, contributed by the free POLY7, 
decreases.  
TEM images (Figure 4.7c, 4.7d) of the DCM layer after extraction clearly 
identified the presence of Au and Ag NPs in it and thus proved successful transfer of the 
NPs to the organic layer without noticeable aggregation. The TEM images of 
corresponding NPs before extraction have been shown in the inset. ICP-OES analyses 
performed on the DCM layer after extraction gave additional support to the TEM data by 





Figure 4.7. (a) Pictorial representation of the vials after extraction. Vials 1 and 2 contain 
AgNP, vials 3 and 4 contain AuNP. Extraction of the NP solution in presence of POLY7 
resulted in complete transfer of AgNP (vial 2) and AuNP (vial 4) from water (top) to 
DCM (bottom) layer. Shaking of the NP solutions with DCM alone did not result any 
phase transfer of NPs (vial 1 and 3). (b) Fluorescence spectra of the DCM layer of vial 2 
(○) and vial 4 (●) showed quenching of fluorescence intensity as compared to the DCM 
solution of POLY7 before extraction (★). TEM images of the dropcasted film of DCM 
layer of vial 2 (c) and vial 4 (d) confirm transfer of AgNP and AuNP from water to DCM 
layer. Insets show the TEM images of the corresponding NPs before extraction. 
 
 
IR spectra and zeta potential of the NPs were recorded before and after extraction 
to understand the mechanism of phase transfer. The NPs after extraction was purified by 
centrifugation of the DCM layer (9000 rpm, 5 min) to remove the unbound polymers. 
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The residue obtained was dried and mixed with solid KBr for recording IR spectra. The 
dried residue was re-dispersed in ethanol for analyzing zeta potentials. Results obtained 
with POLY7 are described here. Zeta potentials of the NPs were found (Figure 4.8 and 
Table 4.5) to change from negative to positive values before and after extraction which 
indicates change of capping environment of the NPs during extraction.39-42 Ionization of 
basic groups present on the surface of NPs is known to generate positive surface charge.43 
Thus, it is conceivable that the thiophenol groups hanging from polymer chain are 
responsible for the observed positive zeta potential of POLY7 wrapped NPs. The 
existence of thiophenol can be explained by the dynamic equilibrium between NPs and 
binding ligands i.e. breaking and making of PhS-NP bond.  
 
 
Figure 4.8. Zeta potential distribution of citrate capped AuNP (a) citrate capped AgNP 
(b) POLY7 capped AuNP (c) POLY7 capped AgNP (d) and only POLY7 (e). 
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Table 4.5. Zeta potentials of NPs before and after extraction. 
Graph NP Capping agent Solvent ξ-potential (mV) 
a AuNP citrate Ethanol -21.9 
c AuNP POLY7 Ethanol 20.0 
b AgNP citrate Ethanol -23.8 
d AgNP POLY7 Ethanol 23.4 
e - POLY7 Ethanol -1.49 
 
IR spectra of the NPs (Figure 4.9) after extraction resemble that of POLY7 with 
complete disappearance of the characteristic stretching peaks of citrate at 1597 and 1397 




Figure 4.9. IR spectra of (a) Ag and (b) Au NPs before and after extraction. IR of pure 
POLY7 is included for comparison. Disappearance of characteristic peaks of citrate 
(1597 and 1397 cm-1) and appearance of peaks of POLY7 in Ag-POLY7 or Au-POLY7 
indicate the replacement of citrate by POLY7 during extraction. 
 
 

























 4.3.5.2.2. Extraction Using Polymer Coated Electrospun PVA NF 
  
Once the binding ability and ligand exchange efficiency of the target polymers 
were confirmed, attempts were made to develop a more convenient extraction set-up. Use 
of electrospun nanofibers (NF) is a promising alternative owing to its high surface area. 
NF made of polyvinyl alcohol (PVA NF) has been attempted for this purpose. 
Preparation of PVA NF and extraction method has been described in the experimental 
section. Initially, PVA NF was prepared via electrospinning PVA solution with different 
percentage of loading of target compounds. But unfortunately, the resulting NF did not 
show any extraction efficiency, which may be due to the unavailability of the binding 
atoms on the surface of the NF.  
 In the next attempt, electrospun PVA NF were coated with target compound 
solution and were directly immersed in NP solution. Detailed protocol has been provided 
in the experimental section. Only POLY7 and POLY8 were engaged in this study 
whereas, POLY9 were excluded due to its poor extraction efficiency observed in the case 
of liquid phase extraction. UV spectra of the water layer were recorded before and after 
extraction (Figure 4.10a, 4.10b). The results showed similar extraction efficiency of 
POLY7 and POLY8 coated PVA NF for both Ag and Au NPs as in the case of liquid 
phase extraction. FESEM images of the used NF mat clearly showed the attachment of 
NPs on the surface (Figure 4.10c, 4.10d), which was further supported by EDX 
measurements. Extraction efficiency of this technique was found to be sensitive towards 
the thickness and uniformity of the coating. Use of DCM or toluene as solvent for the 
polymers resulted in non-uniform coating of the NF, which in turn hinders sufficient 
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interaction between the polymers and NPs and results in inefficient extraction. Acetone 





Figure 4.10.  Absorption spectra of water layer before and after removal of (a) Ag and 
(b) Au NPs. (★) NP solution before extraction, (☆) NP solution after extraction with 
POLY7 coated PVA NF, (○) NP solution after extraction with POLY8 coated PVA NF. 
SEM images of POLY7 coated PVA NF after extraction show attachment of (c) AgNP 
and (d) AuNP onto the fiber. Insets show SEM images of the corresponding PVA NF 
before extraction.   
 
 
4.4. Conclusion  
  
Extraction of nanomaterials from water resources has been achieved using a series 
of hydrophobic fluorescent small molecules and polymers incorporated with pyrene and 























thioacetate moieties. The target compounds have been synthesized via easy and facile 
synthetic routes and characterized by NMR, IR, mass spectrometry, GPC and elemental 
analysis. The synthesized compounds are capable of transferring citrate capped 
hydrophilic Au and Ag NPs from water to DCM layer by simple mechanical mixing. 
Among the small molecules, extraction efficiency of TM7 is found to be higher than that 
of TM6, most probably due to the higher solubility of TM7 capped NPs in DCM. 
Polymeric ligands with higher molecular weight and longer polymer chain length 
(POLY7 and POLY8) are found to be more efficient as compared to low molecular 
weight polymer (POLY9) due to the availability of more number of binding sites. As 
evident from IR spectra and zeta potential analyses of the NPs before and after extraction, 
ligand exchange between citrate capping agents and the target compounds are responsible 
for the phase transfer of NPs. PVA NF, coated with the target polymers, has also been 
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SYNTHESIS OF FLUORESCENT AMPHIPHILIC 
POLYMERS SUITABLE FOR NANOWASTE 
REMOVAL 
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 5.1. Introduction 
 
Extensive research and development of nanotechnology in agriculture1 and 
various industries such as textile,2 pharmaceutics,3 cosmetics,4 construction,5 pollution 
control6 and weapon7 have led to the potential threat of nanotoxicity.8 Probability of 
nanoapollution is much more prominent in water, since nanopollutants present in air and 
soil can reach our water resources. The threat of nanopollution is more severe than any 
other pollutants due to its tiny size and easy bioabsorption.8 Only a few instrumental set-
up is available for treating nanodimentional waste in water e.g. LOTN filtration,9 
electrolyzed anode water10 and megasonic cleaning11 which are again associated with 
disadvantages like less purification efficiency, complicated experimental set-up and high 
cost.  
The concept of metal extraction from water resources using ligand exchange 
principle12 can be further extended to the removal of NPs from aqueous medium.13 In 
Chapter four, it was experienced that polymeric ligands with longer chain length and 
higher number of binding sites are more efficient than small ligands for NP extraction. 
Besides, inefficient mixing of such hydrophobic ligands with the NPs resulted in 
considerably long extraction hours. Use of amphiphilic ligands may offer better remedy 
to the issue. Hydroxyl groups are well known for their binding ability to Au and Ag 
NPs14 as well as to introduce amphiphilicity to the molecule.15 Here, we report three new 
amphiphilic polymers of pyrene (Figure 5.1) to achieve more efficient removal of 
hydrophilic Au and Ag NPs from water in a faster way. The polymers differ in term of 





Figure 5.1. Molecular structures of the target polymers (POLY13 – POLY15). x:y 
represents the feed ratio of the two monomers during polymerization. 
 
5.2. Experimental Section 
5.2.1. Materials and Methods 
   
All reagents were purchased from commercial sources and used without further 
purification unless otherwise stated. THF was purified by distillation over sodium under 
nitrogen atmosphere. 1H and 13C NMR spectra were collected on a Bruker ACF 300 
spectrometer operating at 300 and 75.5 MHz, respectively. CDCl3 was used as solvent 
and tetramethylsilane as internal standard. FT-IR spectra were recorded on a Bio-Rad FT-
IR spectrophotometer. MALDI-TOF mass spectra of the compounds were recorded in 
Bruker Deltronix Autoflex ІІ instrument. Solution of 1,8,9-trihydroxyanthracene (0.1 M) 
and 2,5-dihydroxybenzoic acid (0.1 M) in THF were used to prepare the matrix.  
Molecular weight of the polymers was determined using Shimadzu LC vt 10AT gel 
permeation chromatography (GPC) instrument equipped with UV and refractive index 
 162
(RI) detectors connected in series, polystyrene as standard and THF as an eluent at a flow 
rate of 0.3 mL/min. UV-Vis spectra were recorded using a Shimadzu 3101 PC 
spectrophotometer and fluorescence measurements were made on a RF-5301 PC 
Shimadzu spectrofluorophotometer. The quantum yields of the synthesized compounds in 
chloroform were measured using quinine sulfate (0.1 M H2SO4) as a reference.16 
Quantum yield of quinine sulfate was cross calibrated using anthracene in ethanol. Cyclic 
voltammetry (CV) experiments were performed using an Autolab potentiostat (model 
PGSTAT30) by Echochimie and data recorded in acetonitrile with 0.1 M 
tetrabutylammonium hexafluorophosphate as supporting electrolyte (scan rate of 100 mV 
s-1). The experiments were performed at room temperature with a conventional three 
electrode configuration consisting of an ITO working electrode, a platinum counter 
electrode, and Hg/Hg2Cl2 in 3 M KCl as reference electrode. Thermogravimetric analyses 
(TGA) were done on a TA-SDT 2960 at a heating rate of 10 ºC/min under nitrogen 
atmosphere. Scanning electron microscopic (SEM) images were recorded in JEOL JEM - 
6010 F field emission scanning electron microscope and transmission electron 
microscopic (TEM) images were captured in JEOL JEM - 2010 instrument operating at 
200 KeV. The samples for SEM and TEM studies were prepared by evaporating a few 
drops of solution on glass slides and carbon coated copper grids of 300 mesh sizes, 




Syntheses of compound 1, 2, Au and Ag NPs and preparation of electrospun PVA 
NF have been described under section 4.2 of Chapter four.  Compound 3, 4 and 5 were 
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synthesized using reported procedures.17 Slight modifications are done in the synthesis of 
compound 6, 7b, 8a, 9a and 10a from the reported procedures and characterization of 





Scheme 5.1. Synthesis of the intermediates (1 – 10). (a) Cu(NO3)2.3H2O, Acetic 
anhydride, ethylacetate, 55 °C, 1.5 h. (b) Sn, Conc. HCl, ethanol, reflux, 45 min. (c) 
NaNO2, HCl, 0 °C – rt, KI, 60 °C, 1h. (d) TMSA, Pd(PPh3)2Cl2, CuI, triethylamine, rt, 
N2, 5 h. (e) K2CO3, methanol, reflux, 4 h. (f) TsCl, NaOH, THF, 0 °C – rt, 12 h. (g) 
K2CO3, dry DMF, 90 °C, 4 d. (h) NBS, DMF, reflux, 80 °C, 12 h. (i) TMSA, piperidine, 





Synthesis of Compound 618 
 
A 500 mL two-necked, round-bottom flask equipped with a magnetic stirrer and 
dropping funnel was charged with a solution of solketal (15 g, 0.11 mol) dissolved in 
equal volume (120 mL each) mixture of THF and aqueous NaOH (5N) solution. The 
mixture was cooled to 0 °C using an ice bath and tosyl chloride (32.4 g, 0.17 mol) 
dissolved in 100 ml THF was added dropwise. The reaction mixture was slowly allowed 
to warm up to room temperature, stirred for 12 h, extracted with ether (2 × 100 mL) and 
washed with water (2 × 75 mL). The combined organic layers were dried over anhydrous 
sodium sulphate, filtered and evaporated to give a low melting solid in 94 % (30.6 g) 
yield. 1H NMR (CDCl3, 300 MHz, δ ppm): 7.78 (d, 2H, J = 8.37 Hz, SC=CH), 7.34 (d, 
2H, J = 7.89 Hz, SC=CH=CH), 4.30 - 3.72 (m, 5H, OCH2-CH-CH2), 2.43 (s, 3H, CH3), 
1.32 and 1.29 (2s, 6H, C(CH3)2). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 145.0, 129.8, 
127.9 (tosyl Cs), 110.0 (O-C-O) 72.8, 69.4, 66.1 (solketal Cs) 26.5, 25.1 (C(CH3)2), 21.6 
(Ph-CH3). 
 
5.2.2.1. General Synthetic Procedure for O-alkylation   
  
A three neck flask was charged with phenolic compounds, K2CO3, benzo-15-
crown-5 (catalytic amount) and dry DMF (10 mL). The reaction mixture was stirred and 
heated at 60 °C for 1 h under N2. Compound 6 was dissolved in dry DMF (20 mL) and 
added dropwise over a period of 30 min. After stirring it at 90 °C for 4 days the reaction 
mixture was filtered. The filtrate was quenched with excess water (300 mL) and extracted 
with diethylether (3 × 50 mL). The combined organic layer was dried over anhydrous 
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sodium sulfate and evaporated to get brown oil as the crude product which was purified 
via column chromatography (hexane/ethylacetate = 4:1, v/v). 
 
Synthesis of Compound 7b19  
 
Catechol (1.1 g, 10 mmol), K2CO3 (8.28 g, 60 mmol), compound 6 (10 g, 35.0 
mmol). Yield 2.366 g, 70 %. 1H NMR (CDCl3, 300 MHz, δ ppm): 6.91 (bs, 4H, phenyl 
Hs), 4.50 - 3.92 (m, 10H, O-CH2-CH-CH2-), 1.44 (s, 6H, C(CH3)2), 1.38 (s, 6H, 
C(CH3)2). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 148.8, 127.9, 121.9, 115.0 (phenyl Hs), 
109.5 (O-C-O), 74.0, 70.0, 66.8 (O-CH2-CH-CH2-), 26.7, 25.4 (C(CH3)2). 
 
Synthesis of Compound 7c 
 
Pyrogallol (0.436 g, 3.49 mmol), K2CO3 (4.816 g, 34.9 mmol), compound 6 (5 g, 
17.48 mmol). Yield 1.03 g, 63 %. 1H NMR (CDCl3, 300 MHz, δ ppm): 6.94 (t, 1H), 6.58 
(d, 2H, J = 8.22 Hz) (phenyl Hs), 4.51 - 3.84 (m, 15H, O-CH2-CH-CH2-), 1.44 - 1.36 (m, 
18H, C(CH3)2). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 152.6, 123.8, 109.6 (phenyl Cs), 
107.8 (O-C-O), 73.7, 70.0, 67.0 (O-CH2-CH-CH2-), 26.8, 25.3 (C(CH3)2). EI-MS: m/z = 
469 [M]+. Elemental analysis calcd. for C24H36O9: C, 61.52; H, 7.74; Found: C, 60.83; H, 
8.17.  
 
Synthesis of Compound 8a20 
 
 p-Bromophenol (3.46 g, 20.0 mmol), K2CO3 (8.28 g, 60.0 mmol), compound 6 
(10 g, 35.0 mmol), yield 3.44 g, 60 %. 1H NMR (CDCl3, 300 MHz, δ ppm): 7.36 (d, 2H, 
J = 9.03 Hz), 6.78 (d, 2H, J = 9.03 Hz) (phenyl Hs), 4.49 - 3.85 (m, 5H, O-CH2-CH-CH2-
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), 1.45 (s, 3H, C(CH3)2), 1.39 (s, 3H, C(CH3)2). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 
157.7, 132.2, 116.3, 113.3 (phenyl Cs), 109.8 (O-C-O), 73.9, 69.0, 66.7 (O-CH2-CH-
CH2-), 26.7, 25.3 (C(CH3)2).  
 
5.2.2.2. General Synthetic Procedure for Bromination 
 
  Solid NBS was added to the solution of alkoxy compounds in DMF at room 
temperature. After refluxing the reaction mixture for 12 h, it was poured on to water (100 
mL) and extracted with diethylether (3 × 15 mL). The combined organic layer was dried 
over anhydrous sodium sulfate and evaporated to get the crude product which was further 
purified using column chromatography (hexane/ethylacetate = 4:1, v/v).  
 
Synthesis of Compound 8b   
 
NBS (1.158 g, 6.51 mmol), compound 7b (2.2 g, 6.51 mmol), DMF (20 mL). 
Yield 1.765 g, 65 %. 1H NMR (CDCl3, 300 MHz, δ ppm): 7.04 - 7.00 (m, 2H), 6.77 (d, 
1H, J = 9.21 Hz) (phenyl Hs), 4.48 - 3.90 (m, 10H, O-CH2-CH-CH2-), 1.14 (s, 6H, 
C(CH3)2), 1.38 (s, 6H, C(CH3)2). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 149.5, 147.9, 
124.4, 117.8, 116.0, 113.6 (phenyl Cs), 109.6 (O-C-O), 73.9, 70.0, 66.7 (O-CH2-CH-
CH2-), 26.7, 25.4 (C(CH3)2). EI-MS: m/z = 417 [M]+. Elemental analysis calcd. for 
C18H25BrO6: C, 51.81; H, 6.04; Br, 19.15. Found: C, 51.24; H, 6.87; Br, 20.03. 
 
Synthesis of Compound 8c  
 
NBS (0.222 g, 1.26 mmol), compound 7c (0.6 g, 1.26 mmol), DMF (8 mL). Yield 
0.39 g, 57 %. 1H NMR (CDCl3, 300 MHz, δ ppm): 7.16 (d, 1H, J = 8.88 Hz), 6.58 (d, 1H, 
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J = 9.03 Hz) (phenyl Hs), 4.48 - 3.86 (m, 15H, O-CH2-CH-CH2-), 1.41 - 1.35 (m, 18H, 
C(CH3)2). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 152.1, 149.9, 142.6, 127.1, 110.5 
(phenyl Cs), 109.4 (O-C-O), 74.0, 70.0, 66.8 (O-CH2-CH-CH2-), 26.7, 25.3 (C(CH3)2). 
EI-MS: m/z = 547 [M]+. Elemental analysis cacld. for C24H35BrO9: C, 52.66; H, 6.44; Br, 
14.60. Found: C, 51.95; H, 7.02; Br, 15.10. 
 
 5.2.2.3. General Synthetic Procedure for Sonogashira Coupling Reaction 
 
A three neck flask was charged with bromo derivative, piperidine and Pd(PPh3)4. 
After degassing the mixture for 15 minutes TMSA was added to the reaction mixture and 
continued heating at 80 °C for 24 h under nitrogen. After completion of the reaction the 
solvent was evaporated to get brown solid as the crude product. Purification was done 
using column chromatography (hexane/ethylacetate = 4:1, v/v). 
 
Synthesis of Compound 9a21 
  
Compound 8a (5.2 g, 18.1 mmol), piperidine (9 mL) and Pd(PPh3)4 (1.045 g, 0.91 
mmol), TMSA (2.498 g, 27.2 mmol). Yield 3.41 g, 62 %. 1H NMR (CDCl3, 300 MHz, δ 
ppm): 7.39 (d, 2H, J = 8.88 Hz), 6.86 (d, 2H, J = 8.88 Hz) (phenyl Hs), 4.50 - 3.86 (m, 
5H, O-CH2-CH-CH2-), 1.45 (s, 3H, C(CH3)2), 1.39 (s, 3H, C(CH3)2), 0.23 (s, 9H, 
Si(CH3)3). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 158.7, 133.4, 130.4, 115.8, 114.4 
(phenyl Cs), 109.8 (O-C-O), 105.0, 92.6 (C C), 73.9, 68.7, 66.7 (O-CH2-CH-CH2-), 




Synthesis of Compound 9b  
 
Compound 8b (0.582 g, 1.40 mmol), piperidine (5 mL) and Pd(PPh3)4 (0.081 g, 
0.07 mmol), TMSA (0.206 g, 2.1 mmol). Yield 0.425 g, 70 %. 1H NMR (CDCl3, 300 
MHz, δ ppm): 7.05 (dd, 1H, J = 8.3 Hz and 1.98 Hz), 6.99 (d, 1H, J = 1.83 Hz), 6.79 (d, 
1H, J = 8.2 Hz) (phenyl Hs), 4.50 - 3.90 (m, 10H, O-CH2-CH-CH2-), 1.44 (s, 6H, 
C(CH3)2), 1.38 (s, 6H, C(CH3)2), 0.22 (s, 9H, Si(CH3)3). 13C NMR (CDCl3, 75.5 MHz, δ 
ppm): 149.2, 148.1, 126.1, 117.7, 116.2, 113.8 (phenyl Cs), 109.6 (O-C-O), 104.8, 92.7 
(C C), 73.9, 69.6, 66.7 (O-CH2-CH-CH2-), 29.6, 26.7 (C(CH3)2), 0.0 (Si(CH3)3). EI-
MS: m/z = 435 [M]+. Elemental analysis calcd. for C23H34O6Si: C, 63.56; H, 7.89. Found: 
C, 63.05; H, 8.27. 
 
Synthesis of Compound 9c  
 
Compound 8c (0.6 g, 1.08 mmol), piperidine (7 mL) and Pd(PPh3)4 (0.066 g, 
0.054 mmol), TMSA (0.15 g, 1.62 mmol). Yield 0.402 g, 66 %. 1H NMR (CDCl3, 300 
MHz, δ ppm): 7.12 (d, 1H, J = 8.7 Hz), 6.60 (d, 1H, J = 8.73 Hz) (phenyl Hs), 4.51 - 3.87 
(m, 15H, O-CH2-CH-CH2-), 1.44 - 1.37 (m, 18H, C(CH3)2), 0.24 (s, 9H, Si(CH3)3). 13C 
NMR (CDCl3, 75.5 MHz, δ ppm): 153.9, 153.2, 141.1, 128.6, 111.0 (phenyl Cs), 109.2 
(O-C-O), 100.6, 97.3 (C C), 74.1, 69.5, 67.2 (O-CH2-CH-CH2-), 26.7, 25.2 (C(CH3)2), 
0.16 (Si(CH3)3). EI-MS: m/z = 565 [M]+. Elemental analysis calcd. for C29H44O9Si: C, 





5.2.2.4. General Synthetic Procedure for Desilylation  
 
Solid K2CO3 was added to the solution of protected acetylene compounds in 
methanol at room temperature and continued stirring for 4 h. The reaction mixture was 
quenched with water (50 mL) and extracted with ether (3 × 15 mL). The combined 
organic layers were dried over anhydrous sodium sulfate and evaporated to get the crude 
product which was further purified using column chromatography (hexane/ethylacetate = 
4:1, v/v).  
 
Synthesis of Compound 10a21 
 
K2CO3 (4.513 g, 32.7 mmol), compound 9a (3.3 g, 10.9 mmol), yield 2.475 g, 98 
%. 1H NMR (CDCl3, 300 MHz, δ ppm): 7.40 (d, 2H, J = 9.00 Hz), 6.84 (d, 2H, J = 8.70 
Hz) (phenyl Hs), 4.49 - 3.85 (m, 5H, O-CH2-CH-CH2-), 2.99 (s, 1H, C CH), 1.44 (s, 
3H, C(CH3)2), 1.39 (s, 3H, C(CH3)2). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 158.8, 133.5, 
114.5 (phenyl Cs), 109.8 (O-C-O), 83.4 (C C), 73.8, 68.7, 66.6 (O-CH2-CH-CH2-), 
26.7, 25.3 (C(CH3)2). 
 
Synthesis of Compound 10b 
 
K2CO3 (0.373 g, 2.7 mmol), compound 9b (0.391 g, 0.9 mmol). Yield 0.31 g, 95 
%. 1H NMR (CDCl3, 300 MHz, δ ppm): 7.04 (dd, 1H, J = 8.31 Hz and 1.65 Hz), 6.98 (d, 
1H, J = 1.65 Hz), 6.78 (d, 1H,  J = 8.22 Hz) (phenyl Hs), 4.46 - 3.88 (m, 10H, O-CH2-
CH-CH2-), 3.00 (s, 1H, C CH), 1.41 (s, 6H, C(CH3)2), 1.35 (s, 6H, C(CH3)2). 13C NMR 
(CDCl3, 75.5 MHz, δ ppm): 149.4, 148.1, 126.1, 117.8, 115.0, 113.8 (phenyl Cs), 109.5 
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(O-C-O), 83.3 (C C), 73.8, 69.5, 66.6 (O-CH2-CH-CH2-), 26.6, 25.3 (C(CH3)2). EI-
MS: m/z = 363 [M]+. Elemental analysis calcd. for C20H26O6: C, 66.28; H, 7.23. Found: 
C, 65.93; H, 7.57. 
 
Synthesis of Compound 10c  
 
K2CO3 (0.144 g, 1.05 mmol), 9c (0.2 g, 0.35 mmol). Yield 0.166 g, 96 %. 1H 
NMR (CDCl3, 300 MHz, δ ppm): 7.12 (d, 1H, J = 8.55 Hz), 6.61 (d, 1H, J = 8.73 Hz) 
(phenyl Hs), 4.50 - 3.87 (m, 15H, O-CH2-CH-CH2-), 3.18 (s, 1H, C CH), 1.42 - 1.35 
(m, 18H, C(CH3)2). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 154.2, 153.5, 141.3, 128.8, 
127.7, 110.0 (phenyl Cs), 109.1 (O-C-O), 80.4, 79.4 (C C), 74.2, 69.7, 66.9 (O-CH2-
CH-CH2-), 26.7, 25.3 (C(CH3)2). EI-MS: m/z = 493 [M]+. Elemental analysis calcd. for 
C26H36O9: C, 63.40; H, 7.37. Found: C, 62.87; H, 7.88. 
 
k
C C C C
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Hx y























Scheme 5.2. Synthesis of the polymers (POLY10 – POLY15). (k) [Rh(nbd)Cl]2, toluene, 
N2, 40  °C, 24 h. (l) 10 % HCl, THF, 70 °C, 4 h. 
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5.2.2.5. General Synthetic Procedure for Polymerization  
 
Compound 5 was weighed in an oven dried round bottom flask. A solution of 
compound 10 in dry toluene was added to the round bottom flask under N2 atmosphere. 
The solution was stirred at 40 °C for 24 h after the addition of [Rh(nbd)Cl]2. The 
resulting mixture was evaporated to get the crude product which was purified by 
repetitive precipitation from methanol followed by Soxhlet extraction. 
 
Synthesis of POLY10  
 
Compound 5 (1.094 g, 4.84 mmol), compound 10a (1.123 g, 4.84 mmol), 
[Rh(nbd)Cl]2 (0.178 g, 0.39 mmol), toluene (10 mL). Yield 1.291 g, 58 %. 1H NMR 
(CDCl3, 300 MHz, δ ppm): 8.19 - 7.85 (m, 10H, pyrene Hs), 7.13 – 6.54 (m, phenyl and 
vinyl Hs), 4.51 – 3.67 (m, 5H, O-CH2-CH-CH2-), 1.49 – 1.29 (m, 6H, C(CH3)2). 13C 
NMR (CDCl3, 75.5 MHz, δ ppm): 157.2, 131.0, 127.5, 126.0, 124.8, 114.9, 113.9, 
(pyrene, phenyl and vinyl Cs), 109.8 (O-C-O), 74.0, 68.9, 66.8 (O-CH2-CH-CH2-), 26.8, 
25.4 (C(CH3)2). IR (KBr, cm-1) ν = 3024, 2406, 1604, 1528, 1219, 756. Elemental 
analysiss calcd. for (C18H10)1(C14H16O3)1: C, 83.84; H, 5.68. Found: C, 84.25; H, 6.03. 
 
Synthesis of POLY11  
 
Compound 5 (0.496 g, 2.20 mmol), compound 10b (0.8 g, 2.20 mmol), 
[Rh(nbd)Cl]2 (0.084 g, 0.18 mmol), toluene (10 mL). Yield 0.687 g, 53 %. 1H NMR 
(CDCl3, 300 MHz, δ ppm): 8.19 – 8.01 (m, 11H, pyrene Hs), 6.93 (m, phenyl and vinyl 
Hs), 4.44 – 3.66 (m, 10H, O-CH2-CH-CH2-), 1.42 – 1.30 (m, 12H, C(CH3)2). 13C NMR 
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(CDCl3, 75.5 MHz, δ ppm): 148.0, 130.9, 127.4, 125.8, 124.8, 115.0, (pyrene, phenyl and 
vinyl Cs), 109.5 (O-C-O), 73.9, 69.9, 66.8 (O-CH2-CH-CH2-), 26.7, 25.4 (C(CH3)2). IR 
(KBr, cm-1) ν = 3024, 2406, 1604, 1513, 1219, 756. Elemental analysis calcd. for 
(C18H10)1(C20H26O6)1: C, 77.55; H, 6.12. Found: C, 78.33; H, 6.12.  
 
Synthesis of POLY12   
 
Compound 5 (0.46 g, 2.03 mmol), compound 10c (1 g, 2.03 mmol), [Rh(nbd)Cl]2 
(0.076 g, 0.16 mmol), toluene (10 mL). Yield 0.818 g, 56 %. 1H NMR (CDCl3, 300 MHz, 
δ ppm): 8.20 – 8.04 (m, 15H, pyrene Hs), 6.72 (m, phenyl and vinyl Hs), 4.50 – 3.66 (m, 
15H, O-CH2-CH-CH2-), 1.40 – 1.28 (m, 18H, C(CH3)2). 13C NMR (CDCl3, 75.5 MHz, δ 
ppm): 149.8, 138.9, 130.7, 127.1, 125.8, 124.9, 123.9 (pyrene, phenyl and vinyl Cs), 
109.0 (O-C-O), 74.0, 68.6, 66.7 (O-CH2-CH-CH2-), 26.8, 25.3, (C(CH3)2). IR (KBr, cm-1) 
ν = 3024, 2407, 1604, 1513, 1219, 756. Elemental analysis calcd. for 
(C18H10)1(C26H36O9)1: C, 73.54; H, 6.41. Found: C, 77.19; H, 6.27. 
 
5.2.2.6. General Synthetic Procedure for Hydrolysis of Solketal Group 
  
The precursor polymers (POLY10, POLY11 and POLY12) were dissolved in 
THF. 10 % aqueous HCl was added and the reaction mixture was heated at 70 °C for 4 h, 
cooled and the polymer was precipitated twice from hexane. The solid was filtered and 
washed with minimum amount of water. The hydroxylated polymers were dried under 




Synthesis of POLY13  
 
POLY10 (0.8 g), THF (10 mL), HCl (5 mL). Yield 0.3 g. 1H NMR (CDCl3, 300 
MHz, δ ppm): 8.20 – 7.59 (m, 11H, pyrene Hs), 7.19 – 6.52 (m, phenyl and vinyl Hs), 
4.11 – 3.58 (m, 5H, O-CH2-CH-CH2-). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 157.3, 
130.9, 127.8, 126.3, 124.3, 115.1, 114.2 (pyrene, phenyl and vinyl Cs), 74.1, 68.7, 66.4 
(O-CH2-CH-CH2-). IR (KBr, cm-1) ν = 3392, 3024, 2401, 1599, 1513, 1424, 1219, 1036, 
929, 756, 678, 447. Elemental analysis calcd. for (C18H10)1(C11H12O3)1: C, 83.25; H, 5.26. 
Found: C, 84.15; H, 5.39. 
 
Synthesis of POLY14 
  
POLY11 (0.5 g), THF (10 mL), HCl (5 mL). Yield 0.22 g. 1H NMR (CDCl3, 300 
MHz, δ ppm): 8.25 – 7.63 (m, 12H, pyrene Hs), 7.10 – 6.39 (m, phenyl and vinyl Hs), 
4.17 – 3.56 (m, 10H, O-CH2-CH-CH2-). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 148.3, 
130.7, 127.2, 125.5, 125.1, 115.2 (pyrene, phenyl and vinyl Cs), 73.8, 70.1, 66.8 (O-CH2-
CH-CH2-). IR (KBr, cm-1) ν = 3420, 2104, 1648, 1251, 1183, 790, 736. Elemental 
analysis calcd. for (C18H10)1(C14H18O6)1: C, 75.59; H, 5.51. Found: C, 78.28; H, 5.74. 
 
Synthesis of POLY15  
 
POLY12 (0.6 g), THF (10 mL), HCl (5 mL). Yield 0.338 g. 1H NMR (CDCl3, 
300 MHz, δ ppm): 8.22 – 7.61 (m, 17H, pyrene Hs), 7.13 – 6.47 (m, phenyl and vinyl 
Hs), 4.20 – 3.60 (m, 15H, O-CH2-CH-CH2-). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 
150.1, 138.7, 130.5, 127.1, 125.3, 124.8, 123.6 (pyrene, phenyl and vinyl Cs), 74.2, 68.4, 
 174
66.6 (O-CH2-CH-CH2-). IR (KBr, cm-1) ν = 3416, 2964, 2103, 1647, 1256, 1188, 1096, 
1016, 792, 736. Elemental analysis calcd. for (C18H10)1(C17H24O9)1: C, 70.23; H, 5.68. 
Found C, 76.24; H, 5.63. 
 
5.2.3. General Protocol for Liquid Phase Extraction of NPs 
 
NP solution (4 mL, 10-4 M) was taken in a glass vial. Polymer solution was 
prepared separately by dissolving 1 mg of polymer in 4 mL of DCM. These two solutions 
were mixed together and allowed to shake gently on a mechanical shaker for 1.5 h. The 
glass vial was removed from the shaker and allowed to settle till the aqueous and organic 
layers separated into two distinct phases. The two layers were collected in two separate 
vials for further analysis. UV-Vis absorption spectra were recorded for 600 μL of water 
layer before and after extraction. Absorbance values at the SPR bands of AuNP (520 nm) 
and AgNP (423 nm) were recorded. Concentrations of the NPs in water layer before and 
after extraction were calculated from a calibration curve (absorbance vs. concentration). 
Extraction efficiency = [(Ci – Cr)/Ci] × 100 %, where Ci represents initial concentration 
of the NP solution before extraction and Cr represents remaining concentration after 
extraction. Emission spectra of the DCM layer were recorded before and after extraction 
after 10 times dilution. 
 
5.2.4. General Protocol for Extraction Using Polymer Coated PVA NF 
 
Electrospun nanofiber mat (2 cm × 2 cm) of PVA was taken on glass slide and 
immersed in a petridish containing polymer solution (0.2 mg/mL) in acetone. The fiber 
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mat was taken out after 10 s and allowed to dry in another petridish. The slow rate of 
evaporation maintained by this technique resulted in homogeneous coating of the fiber 
mat. After drying, the fiber mat was dipped into NP solution (10 mL, 10-4 M) and 
allowed to shake gently on a shaker for 24 h. An aliquot (600 μL) of the remaining NP 
solution was used for UV-Vis and the extraction efficiency was calculated as mentioned 
earlier. FESEM images of the fiber mat were captured after drying.   
 
5.3. Results and Discussion 
5.3.1. Synthesis and Characterization 
 
The target polymers were synthesized according to the synthetic route depicted in 
Scheme 5.1 and 5.2. The synthesis was accomplished by Rh(1) assisted random 
polymerization of two acetylenic precursors 5 and 10 in 1:1 mole ratio followed by 
deprotection of the 2,2-dimethyl-1,3-dioxalane group. The precursor molecules were 
achieved from commercially available pyrene and mono-, di- or tri- hydroxybenzene. 
Nitration and amination of pyrene followed by Sandmeyer reaction gave intermediate 3. 
Further coupling of 3 with TMSA and desilylation formed precursor 5. On the other 
hand, O-alkylation of hydroxybenzenes with compound 6, followed by bromination gave 
compound 8b and 8c. Compound 8a was synthesized directly by O-alkylation of p-bromo 
phenol. Acetylene functional groups were introduced to compound 8 using the same 
route as precursor 5. Polymerization of intermediate 5 and 10 was confirmed by the 
disappearance of the NMR signal due to terminal acetylenic protons at ∼ 3.0 – 3.2 ppm. 
Hydrolysis of the 2,2-dimethyl-1,3-dioxalane groups of precursor polymers (POLY10, 
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POLY11 and POLY12) was monitored by NMR and IR spectroscopy. Disappearance of 
NMR peaks corresponding to 2,2-dimethyl group at ∼ 1.3 – 1.4 ppm and appearance of 
strong signal at ∼ 3400 cm-1 due to hydroxyl stretching in IR spectra showed successful 
deprotection. NMR spectra of the precursor polymers and the target polymers were not 
well resolved, most probably due to the presence of unpaired radicals originated by 
disruption of olefin bonds on the polymer backbone and slow molecular motion of the 
polymer chain.17 
 Results of several polymerizations are summarized in Table 5.1. GPC determined 
the polymers to be within comparable molecular weight range. Molecular weight of the 
target polymers are lesser as compared to the precursor polymers, which may be 
attributed to the loss of 2,2-dimethyl moiety during hydrolysis. Actual ratios of the two 
repeating units present in the polymers (x:y) were calculated from 1H NMR and were 
further supported by elemental analyses (Table 5.2). The ratio, x:y did not differ much 
from the feed ratio of the monomers (5 and 10), most probably due to their similar 
reactivity toward acetylene polymerization.  
  
 
Table 5.1. GPC and TGA data of the polymers (POLY10 – POLY15). 
Polymer x:ya Mw Mn PDI T10b (°C) 
POLY10 1.1:1 11100 9600 1.2 344 
POLY11 1.2:1 13300 9600 1.4 296 
POLY12 1.7:1 23700 12200 1.9 314 
POLY13 1.2:1 7200 3800 1.9 362 
POLY14 1.3:1 9300 5500 1.7 300 
POLY15 1.9:1 16600 9200 1.8 350 
aThe ratio has been calculated from NMR spectra. It is the integration ratio of pyrene 
protons and (OCH2CHCH2) protons. The calculation has been shown in Table 5.2. 




Table 5.2. Determination of ratio of two repeating units present in the polymers 
(POLY10 – POLY15). 
Analyses of 1H NMR Elemental analyses 
Polymer 
Calculated  
value of a:b 
(asuuming 

































1.1:1 C = 84.39, 
H = 5.62 
C = 84.25,  





1.2:1 C = 78.84, 
H = 6.00 






1.7:1 C = 77.52, 
H = 6.05 







1.2:1 C = 84.46, 
H = 5.18 






1.3:1 C = 77.94, 
H = 5.38 






1.9:1 C = 76.66, 
H = 5.36 




5.3.2. Thermal Properties 
 
Thermal stability of the polymers was examined by TGA (Figure 5.2) and the 
decomposition temperatures are enlisted in Table 5.1. Temperature corresponding to 10 
% weight loss (T10) is considered for comparison and all polymers were found to have 
significant thermal stability upto 290 to 360 °C. The thermograms recorded under N2 
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flow showed gradual weight loss of polymers during heating instead of sharp 
decomposition. This may be explained by a combined effect of stripping of polymer 
chains and rupture of the pendant groups.  
 










Temperature (οC)  
 
Figure 5.2. Thermograms of POLY10 (●), POLY11 (★), POLY12 (▲), POLY13 (○), 
POLY14 (☆) and POLY15 (∆). 
 
 
The hydroxylated polymers (POLY13, POLY14 and POLY15) were found to be 
thermally more stable as compared to the precursor polymers (POLY10, POLY11 and 
POLY12). Stiffening of polymer chains by H- bonding may be responsible for such 
behavior. Significant amount of residual weight were left behind by all polymers even 
beyond 800 °C, which may be attributed to the char formation by the carbonaceous 
residues. The amount of residual weight was more for the polymer with more amounts of 
pyrene units (POLY12 and POLY15). DSC did not exhibit any softening or melting 
between – 40 °C and the decomposition temperature (∼ 290 – 360 °C), which is 
supported by the results reported by Rivera et. al.22  
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5.3.3. Optical Properties 
 
Detailed investigations on the optical properties of the precursor polymers and the 
target polymers were accomplished in solution and in thin film (Figure 5.3 and 5.4) and 




Figure 5.3. Absorption (a, c) and emission (b, d) spectra of pyrene (-), POLY10 (○), 
POLY11 (☆) and POLY12 (∆) in chloroform (0.2 mg/mL, 28 °C) (a, b) and thin film 
(c, d).  
 
In solution, absorption spectra of POLY10 – POLY15 (Figure 5.3a and 5.4a) are 












































likely the absorption of pyrene moieties in the non-associated state.23 Exactly similar λabs 
of POLY10, POLY11 and POLY12 and cis- PEP22 implies that the phenolic repeating 
unit does not have any significant contribution on the optical property of POLY10, 
POLY11 and POLY12. The additional absorption band of cis- PEP at 453 nm, caused by 
intramolecular interactions between adjacent pyrene pendant groups, is missing in 
POLY10, POLY11 and POLY12. It may be explained by the random presence of 
phenolic repeating units in between two pyrene units. Since the optical property of the 
polymers are not dominated by the phenolic units, presence of varying numbers of 
substituents on those does not have any effect on the absorption wavelengths. As a result, 
λabs of POLY10, POLY11 and POLY12 appear to be exactly the same. The 1,2-diol 
groups generated by hydrolyzing 1,3-dioxalene are not electronically conjugated with the 
polymeric skeleton. So, the absorption wavelengths of POLY13, POLY14 and POLY15 
are not different from those of POLY10, POLY11 and POLY12. Solution state emission 
spectra of POLY10 – POLY15 are broad with emission maxima at ∼ 435 – 450 nm 
(Figure 5.3b and 5.4b).  
The polymers were found to show Stokes shift of ∼ 50 – 100 nm with weak 
photoluminescence. This behavior is quite common in case of polyarylacetylenes24 and 
can be possibly explained by dissociation of photogenerated electron-hole pairs into free 
carriers and migration of these carriers throughout the polymer system before getting 
deactivated by radiative and non-radiative ways.25   
 In solid state, λabs of POLY10 – POLY15 are red shifted from that of solution 
without noticeable change in the peak pattern (Figure 5.3c and 5.4c). This is expected on 
the basis of closer packing of polymer chains and enhanced intermolecular interaction.26 
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But, solid state emission peak pattern (Figure 5.3d and 5.4d) of POLY10 – POLY15 was 
found to be different than that in solution. The observed emission peak at 365 nm 
corresponds to the monomeric emission from pyrene whereas, the peak at 470 nm may be 





Figure 5.4. Absorption (a, c) and emission (b, d) spectra of POLY13 (○), POLY14 
(☆) and POLY15 (∆) in chloroform (0.2 mg/mL, 28 °C) (a, b) and thin film (c, d).  
 
Excimer formations were inhibited in solution state by using dilute solution of polymers 












































the polymers in solid state matched exactly with that of unsubstituted pyrene (Figure 
5.3d), yet intensity ratio of the two peaks (α = IE/IM) were different. It can be explained 
by the well known dependence of α on several parameters including concentration and 
rate of solidification.27 
  
Table 5.3. Optical properties of the polymers (POLY10 – POLY15). 




































































aSolutions were made in chloroform with a concentration of 0.2 mg/mL. 
bThin films were pepared by dropcasting concentrated solution of the compounds on 
quartz plate at room temperature. 
 
 
5.3.4. Electrochemical Properties 
 
Electrochemical properties of the synthesized polymers were investigated using 
CV (Figure 5.5). Acquired data are summarized in Table 5.4.  
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Figure 5.5. Cyclic voltammograms of POLY10 (○), POLY11 (∆), POLY12 (☆), 
POLY13 (★), POLY14 (-) and POLY15 (◊). The data were collected at a scan rate of 
100 mV s-1 using spin coated films (thickness ∼ 50 nm) of the target compounds on ITO 
substrate and n-Bu4NPF6 in acetonitrile (0.1 M) as electrolyte. 
 
Energy levels of highest occupied molecular orbitals (EHOMO) were calculated from the 
half-wave potentials of oxidation peaks.28 Cyclic voltammograms of the polymers 
showed irreversible oxidation peaks. Reduction waves were not detectable within the 
scan range of -2 to +2 V. Pyrene, being the electron rich center in POLY10, POLY11 
and POLY12, acts as the electron donor. Hence, the observed anodic peaks may be 
assigned to the electrochemical oxidation of pyrene units.29 Oxidation potentials of the 
polymer POLY10, POLY11 and POLY12 are lower as compared to the reported value 
of cis-poly(1-ethynylpyrene) (1.08 V with respect to Ag/AgCl reference electrode).22 
This may be attributed to the electron enrichment of pyrene rings by conjugation with 
electron donating phenoxy groups. The cation radicals, generated by electrochemical 
oxidation of pyrene in POLY10, POLY11 and POLY12, are stabilized by resonance 
with phenoxy groups and thus difficult to reduce. Hence, absence of any reduction wave 



































number of phenoxy groups is expected to decrease the oxidation potentials, which 
matches with the observed trend of Eox of the polymers, POLY12 < POLY11 < 
POLY10.  
 
Table 5.4. Electrochemical properties of the polymers (POLY10 – POLY15). 
Compound Eoxa (V) Eox1/2b (V) EHOMOc (eV) 
POLY10 0.86 0.69 -4.99 
POLY11 0.68 0.55 -4.85 
POLY12 0.52 0.37 -4.67 
POLY13 -0.16, 0.56, 1.07 -0.46 -3.84 
POLY14 -0.08, 0.55, 1.09 -0.47 -3.83 
POLY15 -0.03, 0.62, 1.04 -0.43 -3.87 
aPeak value of the oxidation wave; 
bHalf-wave oxidation potential; 
cEHOMO = -(4.3 + Eox1/2) eV.28 
 
The pattern of cyclic voltammograms change significantly after deprotection of 
the 1,3-dioxalane units. The CV diagram of POLY13, POLY14 and POLY15 contain 
pyrene oxidation peak accompanied with two additional peaks, which may be attributed 




 Self-assembly of the precursor polymers (POLY10, POLY11 and POLY12) and 
the target polymers (POLY13, POLY14 and POLY15) were studied in a 5:1 (v/v) 
mixture of THF and water. Dropwise addition of water to the solution of polymer in THF 
(1 mg/mL) forced the amphiphilic target polymers to assemble in nanospheres of average 
diameter of ∼ 100 - 200 nm (Figure 5.6) whereas, no such self-assembly could be 
observed for the hydrophobic precursor polymers. The self-assembled structures were 





Figure 5.6. SEM (a, c, e) and TEM (b, d, f) micrographs of self-assembled structure of 
POLY13 (a, b), POLY14 (c, d) and POLY15 (e, f) obtained from a mixture of 
THF/water (5:1, v/v). 
 
 
Nanospheres formed by POLY13 are found to be without any hole on the surface 
whereas, POLY14 and POLY15 gave a mixture of spheres with or without hole on the 
surface. Relative percentage of hole containing spheres was more in case of POLY15 as 
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compared to POLY14. Formation of nanospheres by polymers is well known in 
literature.31 The most probable mechanism behind self-assembly of the target polymers 
involves water droplet as template. Polymer chains arrange themselves around the water 
droplet by orienting hydroxyl groups to the aqueous phase and pyrene to the THF phase. 
Spheres are formed during the evaporation of solvent. If the number of pendant hydroxyl 
groups is less (POLY13), polymer chains pack closely and form the spheres without any 
hole. On the other hand, polymers with more number of pendant hydroxyl groups 
(POLY14 and POLY15) can stabilize the water droplet with lesser number of polymer 
chains and that creates the hole on the surface of the nanospheres.  
 
5.3.6. Extraction of NPs 
 
After successful synthesis and characterization, the target polymers were 
employed in the extraction of citrate capped Au and Ag NPs. Extraction was attempted in 
two ways; (a) liquid phase extraction and (b) extraction using polymer coated electrospun 
PVA NF.  
 
5.3.6.1. Liquid Phase Extraction 
 
Solution of citrate capped Au or Ag NPs (4 mL, 10-4 M) were extracted separately 
using 1 mg of target polymers in 4 mL of DCM. The detailed protocol has been 
mentioned in the experimental section. Concentration of the remaining NPs in water layer 
after extraction (Figure 5.7) was determined by matching its absorbance against a pre-
determined calibration curve. Extraction efficiency was tested for all target polymers and 




Figure 5.7. Absorption spectra of aqueous layer of (a) Ag and (b) Au NPs before 
extraction (★) and after extraction with POLY13 (∆), POLY14 (○) and POLY15 (☆). 
 
Table 5.5. Extraction efficiency of the polymers (POLY13 – POLY15) for Au and Ag 
NPs. 
Liquid phase extraction Ligand coated PVA NF 















POLY13 96 98 58 83 
POLY14 97 98 71 85 
POLY15 98 99 78 97 
aMean value obtained after performing the experiments in triplicate. 
 
Emission intensities of the DCM layer before and after extraction were used as a probe to 
monitor the binding of NPs to the polymer (Figure 5.8b). Significant quenching of the 
polymeric fluorescence was observed after extraction, which indicates binding of the NPs 
to the polymers. The quenching effect of AuNPs was found to be more as compared to 
that of AgNPs. This may be explained by the smaller size and larger surface area of 
AuNPs, which forces more number of ligands to bind to the NP surface and leaves fewer 























numbers of free polymers capable to emit.32 Thus the net fluorescence intensity, 





Figure 5.8. (a) Pictorial representation of the vials after extraction. Vials 1 and 2 contain 
AgNP, vials 3 and 4 contain AuNP. Extraction of the NP solution in presence of 
POLY13 resulted in complete transfer of AgNP (vial 2) and AuNP (vial 4) from water 
(top) to DCM (bottom) layer. Shaking of the NP solutions with DCM alone did not result 
any phase transfer of NPs (vial 1 and 3). (b) Fluorescence spectra of the DCM layer of 
vial 2 (○) and vial 4 (●) showed quenching of fluorescence intensity as compared to the 
DCM solution of POLY13 before extraction (★). TEM images of the dropcasted film of 
DCM layer of vial 2 (c) and vial 4 (d) confirm transfer of AgNP and AuNP from water to 
DCM layer. Insets show the TEM images of corresponding NPs before extraction.  
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TEM images (Figure 5.8c, 5.8d) of the DCM layer after extraction clearly identified the 
presence of Au and AgNPs in it and thus proved successful transfer of the NPs to the 
organic layer without aggregation. The TEM images of Au and Ag NPs in water before 
extraction have been provided in the inset. ICP-OES analyses performed on the DCM 
layer after extraction gave additional support to the TEM data by detecting gold and 
silver in it. Two control experiments were performed where same amount of NP solutions 
were extracted with 4 mL of DCM in absence of the polymers and no transfer of NPs to 
the DCM layer was observed (Figure 5.8a, vial 1 and 3). This observation clearly proves 
the inertness of DCM towards extraction of NPs and confirms the polymers to be solely 
responsible for binding to NPs and extraction. 
IR spectra and zeta potential of the NPs were recorded before and after extraction 
to understand the mechanism of phase transfer. The NPs after extraction was purified by 
centrifugation of the DCM layer (9000 rpm, 5 min) to remove the unbound polymers. 
The residue obtained was dried and mixed with solid KBr for recording IR spectra. The 
dried residue was re-dispersed in ethanol for analyzing zeta potentials. Results obtained 
with POLY13 are described here. Zeta potentials of the NPs were found (Figure 5.9 and 
Table 5.6) to change from negative to positive values before and after extraction which 
indicates change of capping environment of the NPs during extraction.33–36 Ionization of 
basic groups present on the surface of NPs is known to generate positive surface charge.37 
Hence, it is conceivable that the -OH groups hanging from polymer chain are responsible 





Figure 5.9. Zeta potential distribution of citrate capped AuNP (a) citrate capped AgNP 
(b) POLY13 capped AuNP (c) POLY13 capped AgNP (d) and only POLY13 (e). 
 
 
Table 5.6. Zeta potentials of NPs before and after extraction. 
Graph NP Capping agent Solvent ξ-potential 
(mV) 
a AuNP Citrate Ethanol -21.9 
c AuNP POLY13 Ethanol 23.6 
b AgNP Citrate Ethanol -23.8 
d AgNP POLY13 Ethanol 26.4 
e - POLY13 Ethanol 44.8 
 
 IR spectra of the NPs (Figure 5.10) before extraction showed only the 
characteristic stretching peaks of citrate at 1597 and 1397 cm-1 whereas, IR spectra of the 
NPs after extraction showed peaks of both citrate and POLY13. It suggests partial 




Figure 5.10. IR spectra of (a) Ag and (b) Au NPs before and after extraction. IR of pure 
POLY13 is included for comparison. Co-existence of the characteristic peaks of citrate 
and POLY13 in Ag-POLY13 or Au-POLY13 suggests partial replacement of citrate by 
POLY13 during extraction. 
 
 
5.3.6.2. Extraction Using Polymer Coated PVA NF 
  
Once the binding ability and ligand exchange efficiency of the target polymers 
were confirmed, attempts were made to develop a more convenient extraction set-up. Use 
of electrospun NF is a promising alternative owing to its high surface area. Initially, PVA 
NF was prepared via electrospinning PVA solution with different percentage of loading 
of polymers. But unfortunately, the resulting NF did not show any extraction efficiency, 


























In the next attempt, electrospun PVA NF was coated with polymer solution and 
was directly immersed in NP solution. Detailed protocol has been provided in the 
experimental section. UV spectra of the water layer were recorded before and after 




Figure 5.11.  Absorption spectra of water layer before and after removal of  Ag (a) and  
Au NPs (b); NP solution before extraction (★), NP solution after extraction with 
POLY13 (∆), POLY14 (○) and POLY15 (☆) coated PVA NF. SEM images of POLY15 
coated PVA NF after extraction show attachment of (c) AgNP and (d) AuNP onto the 
fiber. Insets show SEM images of the corresponding PVA NF before extraction. 
 
This method turned to be less effective for NP removal as compared to the liquid phase 
extraction. Incomplete replacement of the citrate capping agents from NP surface by 1,2-























diol units may be a reason for the observed poor efficiency. Extraction efficiency was 
found to be maximum for POLY15 (78 % for AgNP and 97 % for AuNP) and was seen 
to decrease with lower content of 1,2-diol units. FESEM images of the used NF mat 
clearly showed attachment of NPs on the surface of it (Figure 5.11c, 5.11d), which was 
further supported by EDX measurements. Extraction efficiency of this technique was 
found to be sensitive towards the thickness and uniformity of the coating. Use of DCM or 
toluene as solvent for the polymers resulted in non-uniform coating of the NF, which in 
turn hinders sufficient interaction between the polymers and NPs and results in inefficient 
extraction. Acetone was chosen as the optimum solvent after screening through a list of 
solvents. 
 
5.4. Conclusion  
  
A series of polymeric amphiphilic fluorescent ligands have been synthesized and 
characterized by NMR, GPC and elemental analysis. After detailed investigation of 
optical, thermal, electrochemical and self-assembly properties, the target polymers have 
been used as scavenger of citrate capped hydrophilic Au and Ag NPs from water 
resources. The extraction has been attempted in two ways; (a) liquid phase extraction of 
NPs using DCM solution of the polymers and (b) by using polymer coated PVA NF. The 
first method appears to be highly efficient with ∼ 99 % extraction efficiency within 1.5 h.  
Higher content of 1,2-diol units of polymers are found to result in improved extraction 
efficiency. Significant changes in zeta potential of the NPs before and after extraction 
suggest change in capping environment during extraction. IR spectra of the NPs before 
and after extraction specify partial replacement of citrate by the polymers during 
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extraction. The maximum efficiency achieved by the second method is significantly less 
(78 % for AgNP and 97 % for AuNP) even after prolonged extraction time of 24 h. 
Incapability of the target polymers to completely replace citrate capping agents from the 
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Importance of antioxidants lies in biology due to their capacity to balance the free 
radical contents in living bodies generated from various physiological processes. 
Overproduction of otherwise essential free radicals (Reactive Oxidant Species, ROS) in 
cells may lead to adverse effects such as cardiovascular disease, Alzheimer’s disease, 
Parkinson’s disease, diabetes, rheumatoid arthritis and cancer.1 Examples of commonly 
found ROS in cells are superoxide radical (O2.-), hydroperoxy radical (HO2.), hydroxy 
radical (HO.), peroxy radical (ROO.), alkoxy radical (RO.), hydrogen peroxide (H2O2), 
singlet oxygen (1O2) and hypochlorous acid (HOCl). Although Mother Nature provides 
an abundant stock of natural antioxidants such as glutathione, ascorbic acid, vitamin-E, 
catalase, superoxide dismutase and peroxidases, sometimes situation demands 
administration of artificial antioxidants to combat overproduction of ROS in cells. Here 
lies the importance of designing and synthesis of new antioxidants. Fluorescent 
antioxidants2 have added advantage of monitoring the radical quenching process and 
sensing the location of ROS overproduction. High sensitivity, simplicity in data 
collection and high spatial resolution in microscopic imaging techniques have enhanced 
the importance of fluorescent antioxidants many fold over other detection techniques 
such as ESR signal changes of the radicals during quenching.  
The mechanism of radical scavenging by antioxidants is mainly based on trapping 
of radicals by hydrogen transfer3 which makes polyphenols highly attractive for this 
application. A significant number of artificial antioxidants contain pyrogallol (1,2,3-
trihydroxybenzene) as the active unit or receptor unit.4 Pyrene may act as the reporter 
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unit of the fluorescent antioxidants with the grace of excellent fluorescence quantum 
yield, longer excited state life time5 and high LD50 value.6 Here we report, fluorescent 
antioxidants where pyrene is linked to pyrogallol (Figure 6.1) with or without any spacer. 
1,2,3-triazole unit has been used as spacer between the reporter and receptor unit because 




Figure 6.1. Molecular structures of the target compounds (TM9 and TM11). 
 
6.2. Experimental Section  
6.2.1. Materials and Methods 
   
All reagents were purchased from commercial sources and used without further 
purification unless otherwise stated. THF was purified by distillation over sodium under 
nitrogen atmosphere. 1H and 13C NMR spectra were collected on a Bruker ACF 300 
spectrometer operating at 300 and 75.5 MHz, respectively. CDCl3 and MeOD were used 
as solvent and tetramethylsilane as internal standard. FT-IR spectra were recorded on a 




Scheme 6.1. Synthesis of TM9 and TM11. (a) Benzylbromide, DMF, K2CO3, N2, rt, 24 
h. (b) NBS, chloroform, rt, 20 h. (c) Trimethylsilylacetylene, Pd(PPh3)4, piperidine, 80 
°C, 24 h. (d) K2CO3, MeOH, rt, 4 h. (e) Cu(NO3)2, Acetic anhydride, ethylacetate, 55 °C, 
1.5 h. (f) Sn, conc. HCl, ethanol, reflux, 45 min. (g) NaNO2, HCl, 0 - 5 °C, NaN3, rt, 2 h. 
(h) Na-ascorbate, CuSO4.5H2O, ethanol/water/toluene (7:3:1, v/v), rt, 19 h. (i) 10 % Pd-
C, MeOH/THF (2:1, v/v), H2, rt, 24 h. (j) Pd(PPH3)4, K2CO3, THF/water (3:2, v/v), 85 
 °C, 24 h. 
 
 
UV-Vis spectra were recorded using a Shimadzu 3101 PC spectrophotometer and 
fluorescence measurements were made on a RF-5301 PC Shimadzu 
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spectrofluorophotometer. The quantum yields of the synthesized compounds in 
chloroform were measured using quinine sulfate (0.1 M H2SO4) as a reference.8 Quantum 
yield of quinine sulfate was cross calibrated using anthracene in ethanol. Cyclic 
voltammetry (CV) experiments were performed using an Autolab potentiostat (model 
PGSTAT30) by Echochimie and data recorded in acetonitrile with 0.1 M 
tetrabutylammonium hexafluorophosphate as supporting electrolyte (scan rate of 100 mV 
s-1). The experiments were performed at room temperature using Hg/Hg2Cl2 in 3 M KCl 
as reference electrode. Scanning electron microscopic (SEM) images were recorded in 
JEOL JEM - 6010 F field emission scanning electron microscope and transmission 
electron microscopic (TEM) images were captured in JEOL JEM - 2010 instrument 
operating at 200 KeV. The samples for SEM and TEM studies were prepared by 
evaporating a few drops solution on glass slides and carbon coated copper grids of 300 




Syntheses of compound 5 and 6 have been described under section 4.2. Slight 
modifications were done in the synthesis of intermediate 1 and 7 from that of the reported 
procedures and characterization of these compounds were done by comparing the NMR 
(1H and 13C) data with published reports. 
 
Synthesis of Compound 19 
   
A solution of pyrogallol (3 g, 23.8 mmol) and K2CO3 (19.706 g, 142.8 mmol) in 
DMF (30 mL) was stirred for 1.5 h under N2 atmosphere. Benzylbromide (16.279 g, 95.2 
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mmol) was added to it dropwise. After stirring the reaction mixture for 24 h at room 
temperature, it was poured into excess water (300 mL), extracted with diethylether (3 × 
60 mL). The combined organic layer was washed with water, dried over anhydrous 
sodium sulfate and evaporated to get the crude product which was further purified using 
column chromatography (hexane/ethylacetate = 9:1, v/v), yield 6.228 g, 66 %. 1H NMR 
(CDCl3, 300 MHz, δ ppm): 7.46 – 7.29 (m, 15 H, -C6H5), 6.95 (t, 1H, O-C=CH-CH-), 
6.67 (d, 2H, J = 8.40 Hz, O-C=CH-), 5.14 (s, 3H, O-CHH-), 5.11 (s, 3H, O-CHH-). 13C 
NMR (CDCl3, 75.5 MHz, δ ppm): 153.1, 138.7, 137.9, 137.2, 128.5, 128.4, 128.1, 127.7, 
127.3, 123.6, 108.1, 75.1, 71.2.  
 
Synthesis of Compound 2 
 
Solid NBS (0.245 g, 1.4 mmol) was added to the solution of compound 1 (0.5 g, 
1.3 mmol) in chloroform (20 mL) at room temperature. After stirring the reaction mixture 
for 24 h, it was washed with water (3 × 10 mL). The combined organic layer was dried 
over anhydrous sodium sulfate and evaporated to get the crude product which was further 
purified using column chromatography (hexane/ethylacetate = 47:3, v/v). Yield 0.35 g, 
59 %. 1H NMR (CDCl3, 300 MHz, δ ppm): 7.52 - 7.29 (m, 15H, -C6H5), 7.22 (d, 1H, J = 
8.88 Hz, HC=CBr), 6.68 (d, 1H, J = 8.88 Hz, CH=HC=CBr), 5.09, 5.07 and 5.06 (s, 6H, 
OCH2Ph). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 152.7, 150.3, 143.4, 137.2, 136.9, 
136.5, 128.7, 128.6, 128.5, 128.3, 128.27, 128.1, 128.0, 127.4, 127.0, 110.9, 109.4, 75.7, 
75.4, 71.2. EI-MS: m/z = 475 [M]+. Elemental analysis calcd. for C27H23BrO3: C, 68.22; 
H, 4.88; Br, 16.81. Found: C, 67.73; H, 5.12; Br, 15.75. 
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Synthesis of Compound 3 
 
A three neck flask was charged with compound 2 (5 g, 10.5 mmol), piperidine (10 
mL) and Pd(PPh3)4 (0.607 g, 0.5 mmol). After degassing the mixture for 15 minutes 
TMSA (1.547 g, 15.8 mmol) was added to the reaction mixture and continued heating at 
80 °C for 24 h under N2. After completion of the reaction, the solvent was evaporated to 
get a brown solid as crude product. Purification was done using column chromatography 
(hexane/ethylacetate = 24:1, v/v) yield, 3.27 g, 63 %. 1H NMR (CDCl3, 300 MHz, δ 
ppm): 7.54 – 7.25 (m, 15H, -C6H5), 7.16 (d, 1H, J = 8.60 Hz, -O-C=CH-CH-), 6.69 (d, 
1H, J = 8.70 Hz, -O-C=CH-CH-), 5.16, 5.10, 5.02 (s, 6H, -OCH2-), 0.24 (s, 9H, 
Si(CH3)3). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 152.4, 150.2, 143.5, 137.1, 136.8, 
136.4, 128.8, 128.6, 128.5, 128.3, 128.2, 128.1, 127.9, 127.5, 127.1, 110.8, 109.2, 85.8, 
78.1, 75.6, 75.5, 71.4. EI-MS: m/z = 493 [M]+. Elemental analysis calcd. for C32H32O3Si: 
C, 78.01; H, 6.55. Found: C, 77.57; H, 7.36. 
 
Synthesis of Compound 4 
 
Solid K2CO3 (2.904 g, 21.0 mmol) was added to the solution of compound 3 (2.6 
g, 5.3 mmol) in a mixture of methanol (150 mL) and THF (25 mL) at room temperature 
and continued stirring for 4 h. The reaction mixture was quenched with water (100 mL), 
extracted with ether (3 × 50 mL). The combined organic layers were dried over 
anhydrous sodium sulfate and evaporated to get the crude product which was further 
purified using column chromatography (hexane/ethylacetate = 24:1, v/v). Yield 2.12 g, 
95 %. 1H NMR (CDCl3, 300 MHz, δ ppm): 7.55 – 7.28 (m, 15H, -C6H5), 7.19 (d, 1H, J = 
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8.70 Hz, -O-C=CH-CH-), 6.71 (d, 1H, J = 8.70 Hz, -O-C=CH-CH-), 5.18, 5.12, 5.05 (s, 
6H, -OCH2-), 3.23 (s, 1H, -H). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 152.6, 150.3, 
143.6, 137.4, 136.7, 136.6, 128.9, 128.7, 128.6, 128.4, 128.3, 128.1, 128.0, 127.7, 127.3, 
110.4, 109.5, 86.4, 79.2, 75.9, 75.7, 71.5. EI-MS: m/z = 421 [M]+. Elemental analysis 
calcd. for C29H24O3: C, 82.83; H, 5.75. Found: C, 82.51; H, 6.55. 
 
Synthesis of Compound 710  
 
Aqueous solution of NaNO2 (0.16 g, 2.3 mmol) was added dropwise to a cold 
solution of compound 6 (0.5 g, 2.3 mmol) in 10 mL of water/acetone mixture (1:1) and 
allowed to stir for 1 h at 0 - 5 °C. Aqueous solution of NaN3 (1.6 g, 24.6 mmol) was 
added to the reaction mixture and allowed to stir at room temperature for additional 2 h. 
The reaction mixture was extracted with DCM (3 × 10 mL). The combined organic layers 
were washed with saturated sodium bicarbonate solution, dried over anhydrous sodium 
sulfate and evaporated to get the product as greenish black solid (0.291 g, 52 %). 1H 
NMR (CDCl3, 300 MHz, δ ppm): 8.17 – 7.61 (m, 9H). 13C NMR (CDCl3, 75.5 MHz, δ 
ppm): 132.9, 131.3, 131.1, 128.7, 128.1, 127.3, 126.9, 126.6, 126.3, 125.2, 125.0, 124.9, 
124.3, 122.3, 121.3, 115.1. IR (KBr, cm-1) ν = 3396, 3037, 2951, 2358, 2109, 1586, 
1493, 1282, 830, 697. 
 
Synthesis of Compound TM8 
 
Solid Na-ascorbate (0.059 g, 0.03 mmol) and CuSO4.5H2O (0.013 g, 0.03 mmol) 
were added to the mixture of compound 4 (0.564 g, 1.3 mmol) and compound 7 (0.324 g, 
1.3 mmol) in ethanol/water/toluene (7:3:1, v/v) and allowed to stir at room temperature 
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for 19 h. The reaction mixture was concentrated under vacuum and the residue was re-
dissolved in DCM (15 mL). It was washed with water (3 × 10 mL), dried over anhydrous 
sodium sulphate and evaporated to dryness. The crude product was purified by column 
chromatography (hexane/ethylacetate = 10:1, v/v). Yield 0.406 g, 47 %. 1H NMR 
(CDCl3, 300 MHz, δ ppm): 8.33 – 8.07 (m, 9H, pyrene (8) and triazole (1) Hs), 7.95 – 
7.86 (m, 2H, pyrene (1) and phenyl (1) Hs), 7.51 – 7.30 (m, 12H, -C6H5), 7.19 – 7.17 (m, 
3H, -C6H5), 7.01 (d, 1H, J = 8.90 Hz, phenyl H), 5.22, 5.19, 5.16 (s, 6H, -OCH2-). 13C 
NMR (CDCl3, 75.5 MHz, δ ppm): 153.2, 150.2, 143.3, 142.0, 137.4, 137.3, 136.8, 132.0, 
131.1, 130.7, 130.6, 129.4, 128.8, 128.6, 128.5, 128.4, 128.37, 128.31, 128.1, 128.0, 
127.6, 127.0, 126.6, 126.2, 126.0, 125.9, 125.2, 125.0, 124.6, 124.2, 123.1, 122.8, 121.4, 
118.2, 110.1, 75.6, 71.1. IR (KBr, cm-1) ν = 3443, 3037, 2928, 2858, 2358, 1727, 1610, 
1462, 1375, 1290, 1197, 1079, 1017, 853, 736. FAB-MS: m/z = 663 [M]+. Elemental 
analysis calcd. for C45H33N3O3: C, 81.43; H, 5.01; N, 6.33. Found: C, 80.71; H, 6.02; N, 
5.24. 
 
Synthesis of TM10 
 
Compound 2 (0.77 g, 1.6 mmol) and pyrene-1-boronic acid (0.5 g, 2.0 mmol) 
were dissolved in distilled THF (30 mL) at room temperature under continuous stream of 
N2. 2 M solution of K2CO3 (20 mL) was added to it followed by the addition of 
tetrakistriphenylphosphine palladium (0) catalyst (0.186 g, 0.2 mmol). After stirring the 
reaction mixture continuously at 85 °C for 24 h, it was cooled to room temperature, 
quenched with water (30 mL) and extracted with DCM (3 × 40 mL). The organic layer 
was dried over anhydrous sodium sulphate, filtered and evaporated to get orange solid as 
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the crude product. It was further purified through column chromatography using 45 % 
DCM/hexane (9:11, v/v) as the eluting solvent (0.687 g, 71 %). 1H NMR (CDCl3, 300 
MHz, δ ppm): 8.25 – 7.97 (m, 9H, pyrene Hs), 7.59 – 7.36 (m, 10H, -C6H5), 7.19 – 6.60 
(m, 7H, - C6H5 (5), phenyl (2) Hs), 5.28 (s, 2H, OCH2-), 5.26 (s, 2H, OCH2-), 4.72 (m, 
2H, OCH2-). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 152.8, 151.3, 142.2, 137.6, 137.0, 
136.9, 133.9, 131.4, 131.0, 130.5, 129.4, 128.7, 128.6, 128.5, 128.4, 128.2, 128.0, 127.9, 
127.7, 127.5, 127.4, 127.3, 127.24, 127.21, 126.7, 125.9, 125.8, 124.9, 124.8, 124.7, 
124.3, 75.5, 75.3, 71.1. IR (KBr, cm-1) ν = 3038, 2870, 1944, 1804, 1594, 1478, 1452, 
1371, 1290, 1199, 1084, 986, 907, 842, 738, 700, 587, 482. FAB-MS: m/z = 596 [M]+. 
Elemental analysis calcd. for C43H32O3: C, 86.55; H, 5.41. Found: C, 85.70; H, 6.37. 
 
6.2.2.1. General protocol for debenzylation 
 
The mixture of the benzyl protected compound and 10 % Pd-C was allowed to stir 
under hydrogen atmosphere for 24 h at room temperature. The reaction was monitored 
with TLC. After completion, the reaction mixture was passed through a silica bed to 
remove Pd-C and further purified by column chromatography.  
 
Synthesis of TM9 
 
Compound 8 (0.16 g, 0.2 mmol), 10 % Pd-C (0.1 g), MeOH (4 mL), THF (2 mL). 
Eluent used for column chromatography Hexane/ethylacetate (1:1, v/v). Yield 0.091 g, 97 
%. 1H NMR (CDCl3, 300 MHz, δ ppm): 11.2 (bs, 1H, -OH), 8.34 – 8.03 (m, 6H), 7.90 – 
7.77 (m, 2H), 7.65 – 7.44 (m, 2H), 7.05 – 6.98 (m, 1H), 6.63 – 6.58 (m, 1H), 5.70 (bs, 
1H, -OH), 5.54 (bs, 1H, -OH). 13C NMR (CDCl3, 75.5 MHz, δ ppm): 146.0, 144.1, 132.3, 
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131.0, 129.8, 129.1, 128.9, 128.8, 128.5, 128.4, 128.1, 127.5, 127.1, 126.9, 126.8, 126.5, 
126.4, 126.3, 126.2, 126.1, 125.9, 125.2,  122.4, 111.2.  IR (KBr, cm-1) ν = 3391, 3035, 
2933, 2847, 1723, 1622, 1522, 1459, 1347, 1280, 1216, 1049, 997, 841, 730, 608. FAB-
MS: m/z = 394 [M+H]+. Elemental analysis calcd. for C24H15N3O3: C, 73.17; H, 3.84; N, 
10.68. Found: C, 72.27; H, 9.34; N, 9.23. 
  
Synthesis of TM11 
 
Compound 9 (0.969 g, 1.6 mmol), 10 % Pd-C (0.5 g), MeOH (8 mL), THF (4 
mL). Eluent used for column chromatography methanol. Yield 0.51 g, 96 %. 1H NMR 
(MeOD, 300 MHz, δ ppm): 8.18 – 7.87 (m, 4H), 7.62 – 7.35 (m, 4H), 7.01 – 6.97 (m, 
1H), 6.63 – 6.37 (m, 2H) ppm. 13C NMR (MeOD, 75.5 MHz, δ ppm): 145.2, 144.9, 
136.7, 132.5, 131.9, 131.4, 130.2, 129.8, 128.8, 127.1, 126.9, 126.8, 126.6, 126.5, 126.3, 
126.2, 126.1, 121.9, 121.1, 117.2, 110.1. IR (KBr, cm-1) ν = 3482, 3038, 2931, 2346, 
1924, 1731, 1622, 1466, 1301, 1183, 1051, 1003, 908, 839, 753, 642, 501. FAB-MS: m/z 
= 327 [M+H]+. Elemental analysis calcd. for C22H14O3: C, 80.97; H, 4.32. Found: C, 
79.59; H, 5.15. 
 
6.3. Results and Discussion 
6.3.1. Synthesis and Characterization 
 
 Syntheses of the target molecules have been described in Scheme 6.1. TM8 was 
synthesized by CuSO4/Na-ascorbate catalyzed click chemistry11 between 1-azidopyrene 
(7) and the terminal acetylene (4). 1-Azidopyrene was synthesized from pyrene by 
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successive nitration, amination and Sandmeyer reaction.12 Preparation of the terminal 
acetylene (4) started with benzyl protection of commercially available pyrogallol. NBS 
bromination of protected pyrogallol yielded the monobromo derivative (2). Sonogashira 
coupling of compound 2 with TMSA followed by desilylation formed compound 4. 
Finally, TM9 was obtained by benzylic deprotection of TM8 using Pd/C under hydrogen 
atmosphere. In a different synthetic route, intermediate 2 was coupled to pyrene-1-
boronic acid to generate TM10, which was treated with Pd/C under hydrogen atmosphere 
to form TM11. All synthesized compounds are solid at room temperature and soluble in 
common organic solvents. Solubility in water was poor even after benzyl deprotection 
(TM9 and TM11). It may be due to the presence of highly hydrophobic peri- fused 
pyrene ring. The final compounds (TM9 and TM11) were unstable in air for a prolonged 
period as observed from the gradual color change. The observed air sensitivity of the 
compounds may be ascribed to the oxidation of phenolic units towards quinone 
structures. Therefore, they were kept in cold and dark condition. 
 All target molecules and the intermediates were characterized with NMR (1H and 
13C), FT-IR, mass spectrometry and elemental analysis unless reported elsewhere. Signal 
at ∼ 5.1 ppm with integral ratio of six in 1H NMR spectra signifies benzyl groups in 
intermediate 1, 2, 3 and 4. Presence of two distinct doublets in the aromatic region (∼ 6.7 
and 7.23 ppm) of 1H NMR spectra of intermediate 2 indicated selective bromination of 
compound 1 at the ring carbon adjacent to the three phenoxy groups. Introduction of 
acetylene group in intermediate 3 was confirmed by the 1H signals at 0.30 ppm and 13C 
signals between 75 – 90 ppm. Deprotection of trimethylsilyl group was signified by the 
appearance of 1H signal at 3.23 ppm. Success of click chemistry between compound 4 
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and 7 was proved primarily with the disappearance of the 1H NMR signal of terminal 
acetylenic hydrogen of compound 4 at 3.23 ppm in compound TM8. It was further 
supported with the disappearance of azide stretching peak at 2109 cm-1 in FT-IR. 
Benzylic deprotection of TM8 and TM10 was confirmed with the disappearance of the 
1H signal at  ∼ 5.1 ppm corresponding to benzyl protons.  
 
6.3.2. Optical Properties 
  
Detailed study of optical properties of the target compounds were accomplished 
in solution and in thin film (Figure 6.2) and the results are analyzed in Table 6.1. Optical 
properties of commercially available pyrene have been recorded under similar 
experimental conditions for comparison purpose.  
In chloroform, unsubstituted pyrene shows absorption peak at 338 nm. 
Attachment of benzyl protected pyrogallol with or without 1,2,3-triazole linker (TM8 and 
TM10) did not result in significant bathochromic shift of the absorption wavelength. 
Non-optimal conjugation between pyrene and pyrogallol through 1,2,3-triazole linker is 
responsible for the marginal red shift (∼ 7 nm) of λabs in TM8.13 In TM10, absence of 
1,2,3-triazole linker most probably orients pyrene and pyrogallol rings in two different 
planes lying almost perpendicular to each other. This is a common scenario observed for 
pyrene derivatives with direct C-C linkage.14 Thus, the insignificant red shift of λabs 
shown by TM10 (∼ 7 nm) can be justified by the hindered overlap of the p- orbitals of 
pyrene and pyrogallol carbons in a nonplanar geometry. Deprotection of benzyl groups of 
TM8 and TM10 resulted in the formation of compound TM9 and TM11 with free –OH 
groups but, without changing the position of λabs. It implies that the nonplanarity is 
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retained in TM9 and TM11 and confirms that the nonplanarity is not contributed by the 
steric hindrance of the bulky benzyl groups. Broad emission was observed for TM8 - 




Figure 6.2. Absorption (a, c) and emission (b, d) spectra of the synthesized compounds in 
chloroform (10-5 M, 28 °C) (a, b) and thin film (c, d). pyrene (-), TM8 (○), TM9 (Δ), 















































Table 6.1. Optical properties of the target compounds (TM8 – TM11). 























































398 53 0.19 365 468,
364 
9 
aSolutions were made in chloroform with a concentration of 10-5 M. 
bThin films were pepared by dropcasting concentrated solution of the compounds on 
quartz plate at room temperature. 
 
 
In solid state, λabs of TM8 – TM11 red shifted from that of solution without 
significant changes in the peak pattern (Figure 6.2c) which is expected on the basis of 
closer packing and enhanced intermolecular interaction.15 But, the emission peaks of the 
compounds in solid state (Figure 6.2d) were different from that in solution. The observed 
emission peak at 365 nm corresponds to the monomeric emission from pyrene whereas, 
the peak at ∼ 470 nm may be ascribed to the pyrene excimers.16 Excimer formations were 
inhibited in solution state by using dilute solution of the compounds during measurement. 
Although the positions of the monomeric and excimeric peaks of the polymers in solid 
state was quite similar to that of unsubstituted pyrene, yet intensity ratio of the two peaks 
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(α = IE/IM) were different. It can be explained by the well known dependence of α on 
many parameters including concentration and rate of solidification.16 
Effect of addition of acid and base on the optical properties of TM9 and TM11 
were studied (Figure 6.3 and Table 6.2) and was compared with that of pyrogallol.  
 
 
Figure 6.3. Effect of acid and base on the optical property of (a) pyrogallol, (b) TM9 and 
(c) TM11. Basic (blue), neutral (black) and acidic (red). 
 
 
Pyrogallol absorbed at 268 nm in neutral pH (in methanol). This peak completely 
disappeared in basic medium with the appearance of two new peaks at 357 and 424 nm. 

























































These new peaks are probably due to aerial oxidation of pyrogallol under basic 
condition.17 Optical properties of TM9 and TM11 are mainly dominated by pyrene 
fluorophore. The absorption peaks of pyrogallol can not be observed separately in the UV 
spectra of TM9 and TM11 because of their overlapping with pyrene absorption peaks. In 
basic medium, all peak positions of TM9 and TM11 remain same with appearance of an 
additional broad peak at ∼ 480 nm. This peak is not produced by pyrene excimer or the 
oxidized product of pyrogallol because, excitation at this particular wavelength do not 
show any fluorescence in the UV-Vis region. The most probable origin of this band may 
be the charge transfer from pyrene unit to the oxidized pyrogallol unit in TM9 and 
TM11. Acidification of pyrogallol, TM9 and TM11 did not show any significant effect 
on the absorption spectra. This is expected due to the inherent weakly acidic nature of 
pyrogallol. Emission wavelengths of pyrogallol, TM9 and TM11 did not show any 
sensitivity towards change in pH. 
 
Table 6.2. Effect of acid and base on optical properties of TM9 and TM11. 
Basic Neutral Acidic Compound 
λabs (nm) λem (nm) λabs (nm) λem (nm) λabs (nm) λem (nm) 
Pyrogallol 424, 357 457, 408 268 329 268 329 















TM11 480, 341, 
326, 260, 
242 
395 341, 326, 
275, 264, 
242 






6.3.3. Electrochemical Properties 
 
Electrochemical properties of the synthesized compounds were investigated using 
CV (Figure 6.4). Acquired data are summarized in Table 6.3. Energy levels of highest 
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occupied molecular orbitals (EHOMO) were calculated from the half-wave potentials of 
oxidation peaks.18  
 
 
Figure 6.4. Cyclic voltammograms of TM8 (a), TM9 (b), TM10 (c) and TM11 (d). The 
data were collected at a scan rate of 100 mV s-1 using 10-4 M solution of the target 
compounds in acetonitrile and n-Bu4NPF6 in acetonitrile (0.1 M) as electrolyte. 
 
Cyclic voltammograms of all four synthesized compounds showed two oxidation peaks; 
weak anodic wave at lower potential (below 0.7 V) followed by a strong anodic wave 
near 1.1 V. Reduction waves were not detectable within the scan range of -2 to +2 V 
although both anodic waves were associated with reverse oxidation. According to Zotti 

















































et. al.’s report,19 unsubstituted  pyrene undergoes electrochemical oxidation around 1.1 
V. Hence, the observed anodic peak at 1.1 V in the cyclic voltammograms of TM8 – 
TM11 can be assigned to the electrochemical oxidation of pyrene ring. 
 
Table 6.3. Electrochemical properties of target compounds (TM8 – TM11). 
Compound Eoxa (V) Eox1/2b (V) EHOMOc (eV) 
TM8 0.36 (-0.10), 1.11 (0.95) 0.14 -4.44 
TM9 0.69 (-.48), 1.12 (0.90) 0.58 -4.88 
TM10 0.36 (-0.12), 1.13 (0.94) 0.12 -4.42 
TM11 0.70 (-0.41), 1.11 (0.97) 0.55 -4.85 
aPeak value of the oxidation wave (associated reverse oxidation peaks are given in 
parenthesis); 
bHalf-wave oxidation potential; 
cEHOMO = -(4.3 + Eox1/2) eV.18 
 
The other anodic wave is most probably generated from the oxidation of protected or 
unprotected pyrogallol units attached to pyrene. Electrochemical oxidation of 
unsubstituted pyrogallol is known to occur at an applied potential of 0.70 V20 which 
exactly matches with our observation in case of TM9 and TM11. But, oxidation of TM8 
and TM10 took place at lower potentials (0.36 V). A probable explanation would be 
electron enrichment of the pyrogallol ring in TM8 and TM10 by oxygen electron density 
of -OBn groups. This electron density enhancement effect was absent in pyrogallol, TM9 
and TM11 because of delocalization of O- electron density over intra- and intermolecular 
H-bonds existing between multiple hydroxyl groups. No separate oxidation peak could be 
identified for electrochemically inactive 1,2,3-triazole units in TM8 and TM9.21 (a) 
Existence of two distinct oxidation peaks corresponding to pyrene and pyrogallol units 
and (b) no change in pyrene oxidation potential before and after benzyl deprotection of 
pyrogallol strongly suggest that pyrene and pyrogallol ring are not electronically 
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conjugated. Similar electrochemical behavior of the target molecules in presence or 
absence of 1,2,3-triazole spacer implies the ineffectiveness of it to improve electronic 
communications between pyrene and pyrogallol. These findings support our earlier 




Self-assembly of the precursor (TM8, TM10) and the target compounds (TM9, 
TM11) were studied in a 5:1 (v/v) mixture of THF and water. Dropwise addition of water 
to the solution of the synthesized compounds in THF (2 mg/mL) resulted in nanospheres 
in the case of TM9 and TM11 (Figure 6.5). The self-asssembled structures were 
primarily analyzed with SEM followed by confirmation with TEM. The nanospheres of ∼ 
100 nm radii were found to be without any opening on the surface. The precursor 
compounds TM8 and TM10 did not form well defined structure in similar experimental 
conditions. This indicates that the nanospheres of TM9 and TM11 are formed with the 
virtue of their phenolic units. Interaction of hydroxyl groups with water in the THF/water 
mixture facilitated the molecular organization. The most probable mechanism behind 
self-assembly of the target molecules involves water droplet as template. The target 
molecules arrange themselves around the water droplet by orienting hydroxyl groups to 






Figure 6.5.  SEM (a, c) and TEM (b, d) micrographs of self-assembled structures of 
TM9 (a, b) and TM11 (c, d) obtained from a mixture of THF/water (5:1, v/v). 
 
 
6.3.5. Antioxidant Property 
 
The antioxidant activity of TM9 and TM11 was measured by spectrophotometric 
assay comprised of methanol solution of stable DPPH (1,1-diphenyl-2-picrylhydrazyl) 
radical. The intense purple colour of DPPH solution (λabs = 517 nm) decolorizes in 
presence of antioxidants because of transfer of H. radical from antioxidants to DPPH 
radical. Commonly available and well studied antioxidants such as unsubstituted 
pyrogallol and vitamin-C were used as standards to compare the results.  
Solutions of various concentrations of TM9 and TM11 (80 μL, methanol) were 
added to 500 μL of 0.004 % methanol solution of DPPH and incubated for 30 minutes at 
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room temperature. A control experiment was done by adding 80 μL pure methanol to 500 
μL of 0.004 % methanol solution of DPPH and incubating for 30 minutes at room 
temperature. Absorbance of the resultant solution was recorded at 517 nm. The decrease 
in absorbance value as compared with the original DPPH solution can be taken as a 
measure of the extent of radical scavenging activity of the target compounds. Inhibition 
of free radicals by target compounds in percent (I %) was calculated as I (%) = [(Ablank – 
Asample) / Ablank] × 100, where, Ablank = Absorbance of the control reaction and Asample = 
absorbance of the test solutions. Concentration of the target compounds providing 50 % 




Figure 6.6. (a) Plot of I (%) vs. concentration of the antioxidants; vitamin-C (1), 
Pyrogallol (2), TM9 (3) and TM11 (4). Here, I (%) = [(Ablank – Asample) / Ablank] × 100. 
(b) IC50 values of the target molecules and the standards calculated from Figure 6.6a. 
Results presented are the average of three independent experiments.  
 
 
Figure 6.6a shows I (%) vs. concentration of the target molecules plot. The obtained IC50 
values are shown in Figure 6.6b. IC50 values of TM9 and TM11 are found to be 28.9 and 
b


































29.3 μM, respectively, which is comparable with that of unsubstituted pyrogallol (28.8 




 Two new fluorescent antioxidants have been reported which contains pyrogallol 
and pyrene as the receptor and reporter unit, respectively. The target molecules are 
synthesized by copper mediated click chemistry and Suzuki coupling reactions and 
characterized by NMR (1H and 13C), FT-IR, mass spectrometry and elemental analysis. 
Preliminary studies conducted on the target molecules reveal significant fluorescence 
quantum yield (∼ 18 %) and high pH stability. IC50 value of the target compounds are 
found to be ∼ 29 μm (vs. DPPH assay), which is lower than that of some of the naturally 
occurring antioxidants such as, vitamin-C. These properties of the synthesized molecules 
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 FUTURE PROSPECTS 
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The principal aim of the thesis was to explore structure–property relationship of 
several structurally versatile fluorescent conjugated small molecules and polymers 
followed by their applications. While working along this line, nine small molecules and 
twelve polymers have been designed and synthesized based on a single fluorophore, 
pyrene.  
Chapter two of the thesis describes synthesis and characterization of three new 
butterfly shaped pyrene derivatives which contain thiophene at the terminal. The 
compounds are synthesized using Suzuki and Sonogashira coupling reactions as the key 
steps. Detailed investigation about their photophysical and electrochemical properties 
revealed significant contribution of the structure of the linker, connecting pyrene to 
peripheral thiophene units, on physical properties. Introduction of more number of 
acetylene units as linker results in lower band gap, high fluorescence quantum yield and 
more negative EHOMO at the cost of thermal stability and film forming property. These 
results are significant in terms of designing new materials for photovoltaic applications 
with optimum properties.  
 Chapter three explores poly(pyreneethynylene)s where pyrene is conjugated 
with other aromatic systems such as alkoxybenzene, carbazole or fluorene in each 
alternate position. Sonogashira polymerization has been adopted to synthesize the 
target polymers. Selective functionalization of pyrene at 1,6- and 1,8- positions 
helped to synthesize isomeric polymer chains with linear and bent backbone without 
hampering electronic conjugation. Detailed studies on their optical, electrochemical 
and thermal properties revealed significant influence of shape of polymer backbone 
on the physical properties of the polymers. Kinked backbone of cisoid- polymers 
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appeared to contribute towards lower bandgap, less negative EHOMO and higher 
thermal stability. A plausible explanation for such behavior has been hypothesized 
with the formation of coil and rod structures by cisoid- and transoid- polymers, 
respectively. Added evidence of coiling of cisoid- polymers is obtained from SEM 
images of the dropcasted polymer films. It has been confirmed that the observed 
difference in physical properties between cisoid- and transoid- polymers are due to 
the shape of polymer backbone by synthesizing two structurally related model 
compounds. These findings are significant as it enriches the conceptual knowledge 
required for designing performance specific polymers. 
In Chapter four, the fluorescent molecules and polymers are designed with the 
aim of nanowaste removal from water resources. These hydrophobic systems are based 
on pyrene and thioacetate moieties where thioacetate groups act as the binding sites to the 
NPs and pyrene acts as the fluorophore. Sonogashira coupling and Rh(1) catalyzed 
polymerization of acetylenes are the key steps to achieve the target compounds. After 
detailed investigation of optical, thermal, electrochemical properties, the target 
compounds have been used for extracting citrate capped hydrophilic Au and Ag NPs 
from water. The extraction has been attempted in two ways; (a) liquid phase extraction of 
NPs using DCM solution of the synthesized compounds and (b) by using compound 
coated PVA NF. Significant contribution of structure is found on the extraction efficiency 
of each system. Polymers are more efficient in extraction process as compared to the 
small molecules. Again, polymers with higher molecular weight and longer polymer 
chain length are found to be more efficient as compared to low molecular weight 
polymers. This may be due to the availability of large number of binding sites. It has been 
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established by FT-IR and zeta potential analysis that ligand exchange between citrate 
capping agent and the synthesized compounds is responsible for the phase transfer of 
NPs.  
Amphiphilic polyacetylenes containing pyrene and varying numbers of hydroxyl 
groups have been synthesized in Chapter five to reduce the extraction time and increase 
the extraction efficiency. In similar experimental conditions adopted in Chapter four, 
these polymers show similar extraction efficiency within half of the time required for 
pyrene-thioacetate polymers. Higher content of hydroxyl groups of polymers led to 
improved extraction efficiency. IR spectroscopy and zeta potential analysis of the NPs 
before and after extraction suggested a partial replacement of citrate ligands by the 
polymers during extraction.  
Synthesis and characterization of two new fluorescent antioxidants, containing 
pyrogallol and pyrene as the receptor and reporter unit, are described in Chapter six. The 
target molecules were synthesized by Cu- mediated click chemistry and Suzuki coupling 
reactions and characterized by NMR (1H and 13C), FT-IR, mass spectra and elemental 
analyses. Preliminary studies conducted on the target molecules revealed high 
fluorescence quantum yield (∼ 18 %) and high pH stability. IC50 values of the target 
compounds were found to be ∼ 29 μM (vs. DPPH assay) which were lower than that of 
some of the naturally occurring antioxidants such as vitamin-C. These properties of the 
synthesized molecules may be used for their potential application as fluorescent 
antioxidants. 
The research presented in this thesis represents a detailed investigation of 
structure–property relationship of a number of fluorescent derivatives and points out 
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some of their potential applications. The poly(pyreneethynylene)s described in Chapter 
three are completely new in the family of poly(arylethynylene)s. A direct extension of 
this work would be to synthesize poly(pyreneethynylene)s containing functional spacers 
capable of either H-bonding or charge transfer or chelation to study the effect of polymer 
backbone on these properties. Use of fluorescent systems to deal with nanowaste 
management can be directly extended to more structurally flexible polyvinyls containing 
pyrene and other monomers with binding groups. One of the disadvantages of the pyrene 
based antioxidants described in Chapter six is the interrupted conjugation between 
pyrene and the side arms. This may cause absorption–emission maxima of the 
compounds to overlap with that of many biomacromolecules. It hampers the in vivo use 
of these fluorescent antioxidants. Introduction of polysubstituents or acetylene spacer 
may prove to be an useful approach to extend the electronic conjugation.  
 
 
 
